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   Chapter	  1	  –	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Two main approaches can be used to link phenotypic to genetic variation. These approaches are based 
on the fact that variation in the observed/measured phenotype is caused by variation in the genes 
involved in the process leading to the trait of interest. The first strategy, named forward genetics, starts 
with the identification of a phenotype of interest, e.g. a yellow instead of red fruit or an accession 
resistant to a disease and aims at identifying the gene or multiple genes (Quantitative Trait Loci, QTL) 
responsible for the variation. In this approach a segregating/mapping population is developed from the 
cross of two parental lines, one with the trait of interest and one without.  The F2 population is then 
phenotyped for the target trait. In parallel, the F2 population is screened with molecular markers in 
order to construct a genetic map. That map, together with the phenotypic scores allow for the mapping 
of genetic loci involved in the trait of interest. At this stage, one can decide either to use the molecular 
markers flanking the loci to breed into elite lines or to go on with fine mapping in order to identify and 
clone the gene(s). To avoid the necessity to generate segregating populations for each trait of interest, 
a more recent approach to identify genetic regions contributing to the improvement of agronomic traits 
named whole genome association mapping makes use of collections of genetically diverse accessions 
and of genetic maps with high molecular marker density. In association studies, the collection is 
phenotyped for a number of traits, analysed for each molecular marker and than through statistical 
analysis traits are associated with markers and thus with genome regions in order to assess which loci 
are involved in each trait (Zhu et al., 2008; Rafalski, 2010).  
Reverse genetics (from gene to phenotype) is a strategy to study the function of genes (Sessions et al., 
2002). It is a targeted approach because experiments are based on prior knowledge of the target genes. 
Reverse genetic strategies are commonly undertaken with the objective to identify new allelic series of 
genes of interest. Identified polymorphisms often lead to novel phenotypes and can be used as 
molecular markers. In plant breeding, researchers can nowadays accurately select candidate genes for 
traits of interest because most major crop plant genomes have been or are being sequenced and 
because biological studies on model plants like Arabidopsis, rice and tomato have led to an 
unprecedented knowledge accumulation. 
 
Importance of genetic diversity 
Plant breeding aims at developing new varieties with improved characteristics. These varieties need to 
have a high yield, be resistant to diseases, grow in a large variety of environments and therefore be 
able to tolerate a number of environmental stresses and finally to satisfy consumers requirements. To 
bring these added values together in one cultivar, it is first required to identify resources enabling the 
improvement. Large germplasm collections aiming at gathering a maximum of the existing plant 
biodiversity have been deposited in Genebanks around the world. In addition research groups work on 
the assembly of genetically diverse core collections for specific crops (Van Hintum and Van Soest, 
1997; McKhann et al., 2004; Gouesnard et al., 2005; Lippman et al., 2008; Hoekstra, 2009). In Figure 
2 examples of tomato phenotypic diversity for fruit size, shape and colour in the EU-SOL tomato core 
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collection are illustrated (Lippman et al., 2008). Thanks to such initiatives new sources of genetic 
diversity can be explored in order to compensate for the loss of variability caused by decades of 
domestication and breeding primarily focused on phenotypic selection. Indeed, selection solely based 
on visual observations works well for traits regulated by one or few genes but does not account for the 
genetic complexity of important agronomical traits e.g. yield or total soluble solids.  
 
 
Figure 2: Examples of tomato fruits diversity in colour, size and shape in the EU-SOL core collection.  
 
Biotechnology, with the advent in molecular markers technology development, has rendered possible 
the exploration of diversity based on the analysis of genetic loci and thus allowed the discovery of 
beneficial alleles in accessions that do not look so promising as for example in the low yielding, green 
fruited wild tomato relatives. Indeed, elaborate breeding schemes as the development of Introgression 
Lines (IL) where, molecular markers delimited, small unique genome fragments from a wild relative 
e.g. S. pennellii (Eshed and Zamir, 1995) or S. habrochaites (Finkers et al., 2007a) are introgressed 
into a domesticated accession genome background, have been powerful tools to demonstrate the 
potential of allelic diversity for the improvement of agricultural traits. For example, Gur and Zamir 
(2004) have shown that pyramiding in a single tomato line of three S. pennellii introgressions from 
chromosomes 7, 8 and 9 resulted in increased yield by 50% and increased Brix while no phenotypic 
evidence would have lead to cross a wild accession with a domesticated one. Similar effects were 
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found for other traits as disease resistance (Finkers et al., 2007b) or fruit carotenoid content (Tanksley 
et al., 1996; Bernacchi et al., 1998). In addition to demonstrating the usefulness of wild relatives for 
tomato improvement, these studies also showed that the erosion of genetic diversity in the 
domesticated tomato germplasm is an important issue to address.  
Apart from natural genetic variation, plant breeders have been interested in artificially induced 
mutation events. With this method polymorphisms, SNPs or INDELs, are induced by treatment with a 
mutagen chemical or radiations on a large number of seeds or pollen grains and in the subsequent 
mutant population plants are phenotyped for traits of interest. This approach was very successful in 
discovering plants responding specifically to very different conditions (Barnes et al., 1995) or 
displaying novel phenotypes (Menda et al., 2004). However, unless previously characterised mutant 
lines were showing a similar phenotype (e.g. http://tgrc.ucdavis.edu/) that strategy does not give any 
information about the gene that is affected by the mutagen treatment. Breeders are in this case, only 
interested in the answer to the problem at hand: has the plant gained a beneficial character? To go 
further and isolate the gene responsible for the trait it is then necessary to go on with a forward genetic 
strategy and start gene mapping. Another constraint of mutation breeding approaches is that the 
observations are limited to visual phenotypes such as for example fruit colour. Measuring more subtle 
phenotypes such as metabolite content would require much more investments and time because of the 
number of plants to do the measurements with. A targeted approach such as TILLING allows to first 
isolate, from the mutant population, plants of interest that carry a mutation event in the target gene and 
then, analyse in greater details those plants in regard with the expected phenotypic variation. 
TILLING offers the opportunity to obtain for each gene of interest series of mutant alleles with mild to 
strong effect on the target enzyme and thus on the phenotype that are unlikely to be found elsewhere 
in the germplasm. Analysis of the mutant plants gives insights into enzymes mechanism and allows 
fine-tuning of the target phenotype. 
 
TILLING, harvest of artificial genetic diversity 
Targeting Induced Local Lesions in Genomes (TILLING) is a widely used reverse genetics strategy 
and was initially developed to generate and identify induced point mutations in the Arabidopsis 
genome (McCallum et al., 2000a). Today, TILLING has matured into a robust, high throughput and 
cost-effective procedure that has demonstrated its efficiency in a variety of species like Arabidopsis 
(Till et al., 2003), maize (Till et al., 2004), wheat (Slade et al., 2005), rice (Till et al., 2007a), tomato 
(Menda et al., 2004; Saito et al., 2009) and many others. The method has been optimised for the use of 
large mutant populations where it enables the detection of series of allelic variants, ranging from silent 
mutations to knock-outs. TILLING generally consists of three steps: (1) the creation of a mutagenised 
population by using a mutagen like e.g. EMS, (2) DNA pooling and (3) mutation discovery (Till et al., 
2007b). TILLING protocols have also been adapted to allow screening for allelic variants in natural 
populations such as core collections, where it got the predicate EcoTILLING (Comai et al., 2004). 
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Mutant populations can be developed through treatment of seeds or pollen grains with a mutagen. 
Examples are chemical mutagenising agents like EMS (ethyl methanesulfonate), ENU (N-ethyl-N-
nitrosourea) and MNU (methylnitrosourea), but also Gamma rays can be used. The treatments 
randomly induce point mutations, either SNPs or INDELs, throughout the genome (Greene et al., 
2003; Suzuki et al., 2008). In seeds, these mutations are introduced at different genomic positions in 
every affected cell. Cell fate and plant development together determine which mutations are carried 
over to the next generation. By consequence plants arising from mutagenised seeds, the M1 
generation, are chimeric in nature. Only the M2 generation will be fixed for the mutations. This M2 
generation eventually serves as screening population of which leaf samples are harvested for DNA 
extraction. 
The ultimate goal of TILLING is the identification of genome-wide randomly distributed point 
mutations. By targeting the screening procedures towards candidate genes, cost-effectiveness 
increases considerably. Candidate gene sequence information is a prerequisite for targeting. Since the 
Arabidopsis genome was sequenced in 2000 (AGI 2000), many plant genomes followed, e.g. maize 
(Schnable et al., 2009) and rice (Goff et al., 2002), and many more are in the pipeline, e.g. tomato 
(Mueller et al., 2005) and potato (Visser et al., 2009). Yet, for a considerable number of crop plants no 
complete genome sequence is available to date and in these cases expressed sequence tag (EST) 
databases are the most commonly used source of sequence information. To ensure that screening will 
pinpoint an adequate allelic series for a target gene, two factors need attention: the population size and 
the mutation rate in the population. The higher the mutation rate, the smaller the number of plants that 
needs to be screened (McCallum et al., 2000b).  
Because traditional reverse genetic approaches like screening of T-DNA lines and the antisense 
method failed to alter the expression of a candidate gene of interest, McCallum et al. (2000a) 
developed a novel approach to identify mutated alleles of a target gene. In this first protocol, high-
throughput screening was reached by pooling the DNA samples fivefold, followed by screening for 
500bp fragments using a denaturing HPLC (dHPLC) platform for heteroduplex identification 
(McCallum et al., 2000a). To increase throughput and sensitivity, Colbert et al. (2001) modified the 
protocol in two ways. Firstly, they introduced a digestion step where the PCR product is cut by an 
endonuclease, CEL1, at the mutation position. This endonuclease specifically recognises single base-
pair mismatches within DNA fragments and cuts one strand at this position. The second modification 
lies in the detection. Instead of performing dHPLC, the PCR products are loaded on a polyacrylamide 
gel using the Li-Cor electrophoresis system. The CEL1/Li-Cor combination can deal with target 
fragment sizes between one and 1.5kb and significantly increased sensibility allowing eightfold 
sample pooling, resulting in higher throughput. 
Further improvements were achieved by introducing new endonucleases. Oleykowski et al. (1998) 
reported that CEL1 preferentially recognises mismatches of specific nature, which affects mutation 
discovery. In 2007, Triques and colleagues (2007) isolated an Arabidopsis endonuclease, ENDO1 that 
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cleaves any kind of mismatch equally efficiently. Using ENDO1 removed assay bias. 
The Endonuclease/Li-Cor platform is currently the most used platform in TILLING projects because 
of its demonstrated high throughput and sensitivity. The platform allows variant identification in all 
eukaryotes mutagenised to date, irrespective of their ploidy. But recent developments have put 
forward alternative technologies such as High Resolution Melting (HRM) analysis and Next 
Generation Sequencing (NGS). 
 
Thesis Outline 
The aims of the research described in this thesis were, first to develop an EMS tomato mutant 
population and an efficient point mutation screening platform for the identification of artificial and 
natural polymorphisms and second to identify and screen for allelic variants of target genes related to 
agronomical traits following TILLING and EcoTILLING approaches.  
The development of two tomato mutant populations, M2 and M3, originating from seeds treated with 
1% EMS is described in Chapter 2 along with the description of the adaptation of two techniques, 
High Resolution Melting analysis (HRM) and Conformation Sensitive Capillary Electrophoresis 
(CSCE) to screen for point mutations in DNA pools. The results demonstrate that CSCE and HRM are 
fast, affordable and sensitive techniques and therefore allow the rapid identification of new allelic 
variants in a mutant population. Results from the first screens indicate an average mutation detection 
rate of 1.36 mutation/kb/1000lines.  
The characterization of tomato lines with point mutations in the Psy1 gene and showing fruit colour 
phenotypes is described in Chapter 3. Two Psy1 alleles were identified, one containing an early 
STOP codon and produced yellow fruits and another with an amino acid substitution that showed 
delayed fruit colouration compared to controls. Carotenoid profiling confirmed that the mutations had 
major effects on phytoene accumulation in particular and on compounds from the carotenoid pathway 
in general. Surprisingly, the expression of genes involved in the pathway was not affected by the 
modified carotenoid metabolism. This study demonstrates that amino acids substitutions can subtly 
affect enzyme activity and that studies of such mutations provide additional insights into biological 
processes in a complimentary manner to observations of null allele or antisense lines.  
Salinity is a major abiotic stress factor affecting crop production. Previous studies (Nanjo et al., 1999) 
and the, here reported, metabolite profiling of tomato plants under salt conditions have shown that the 
amino acid proline is accumulated in response to salt. With TILLING, we targeted the protein acting 
in the first step of proline catabolism, Proline Dehydrogenase (ProDH). The characterisation of 8 
mutant lines carrying different amino acid substitutions in ProDH is described in Chapter 4.  
In Chapter 5, applicability of the HRM based polymorphism detection platform for EcoTILLING 
strategies is demonstrated through the detection of SNP’s and INDEL’s in candidate genes involved in 
fruit sugar metabolism. Using Brix and metabolite data collected from two tomato collections (EU-
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SOL and CBSG), correlation analyses were made to link the different haplotypes identified through 
EcoTILLING with elevated fruit sugar composition.  
With regards to TILLING and EcoTILLING applications, issues such as mutant population 
development and subset selection from core collections are determinant to successful and efficient 
achievement of both polymorphism identification and correlation with phenotypic data. In addition it 
is required to have a high-throughput and sensitive detection platform. In the general discussion 
(Chapter 6), the methods developed during this project are discussed with regards to the reference 
platform and new arising technologies such as next generation sequencing. In addition the 
(Eco)TILLING strategies are discussed in the broader context of the plant breeding field.  
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Abstract	  
	  The	   establishment	   of	   mutant	   populations	   together	   with	   the	   strategies	   for	   targeted	   mutation	  detection	  has	  been	  applied	  successfully	  to	  a	  large	  number	  of	  organisms	  including	  many	  species	  in	   the	   plant	   kingdom.	   Considerable	   efforts	   have	   been	   invested	   into	   research	   on	   tomato	   as	   a	  model	   for	   berry-­‐fruit	   plants.	   With	   the	   progress	   of	   the	   tomato	   sequencing	   project,	   reverse	  genetics	  becomes	  an	  obvious	  and	  achievable	  goal.	  Here	  we	  describe	   the	   treatment	  of	  Solanum	  
lycopersicum	  seeds	  with	  1%	  EMS	  and	  the	  development	  of	  a	  new	  mutated	  tomato	  population.	  To	  increase	   targeted	   mutant	   detection	   throughput	   an	   automated	   seed	   DNA	   extraction	   has	   been	  combined	  with	  novel	  mutation	  detection	  platforms	  for	  TILLING	  in	  plants.	  We	  have	  adapted	  two	  techniques	  used	  in	  human	  genetic	  diagnostics:	  Conformation	  Sensitive	  Capillary	  Electrophoresis	  (CSCE)	  and	  High	  Resolution	  DNA	  Melting	  Analysis	  (HRM)	  to	  mutation	  screening	   in	  DNA	  pools.	  Classical	   TILLING	   involves	   critical	   and	   time	   consuming	   steps	   such	   as	   endonuclease	   digestion	  reactions	  and	  gel	  electrophoresis	   runs.	  Using	  CSCE	  or	  HRM,	   the	  only	  step	  required	   is	  a	  simple	  PCR	  before	  either	  capillary	  electrophoresis	  or	  DNA	  melting	  curve	  analysis.	  Here	  we	  describe	  the	  development	   of	   a	   mutant	   tomato	   population,	   the	   setting	   up	   of	   two	   polymorphism	   detection	  platforms	  for	  plants	  and	  the	  results	  of	   the	   first	  screens	  as	  mutation	  density	   in	   the	  populations	  and	  estimation	  of	   the	   false-­‐positives	  rate	  when	  using	  HRM	  to	  screen	  DNA	  pools.	  These	  results	  demonstrate	   that	   CSCE	   and	   HRM	   are	   fast,	   affordable	   and	   sensitive	   techniques	   for	   mutation	  detection	   in	  DNA	  pools	  and	  therefore	  allow	  the	  rapid	   identification	  of	  new	  allelic	  variants	   in	  a	  mutant	  population.	  Results	  from	  the	  first	  screens	  indicate	  that	  the	  mutagen	  treatment	  has	  been	  effective	   with	   an	   average	   mutation	   detection	   rate	   per	   diploid	   genome	   of	   1.36	  mutation/kb/1000lines.	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  Generating	   new	   genetic	   variation	   by	   mutagenesis	   in	   plants	   for	   the	   unraveling	   of	   biological	  processes	  and	  for	  the	  alteration	  of	  agronomic	  traits	  was	  viewed	  with	  great	  optimism	  in	  the	  mid	  sixties	   (Oehlkers,	   1965).	   Later,	   this	   optimism	  was	   tempered	   by	   the	   complexity	   of	   using	   such	  mutants	   in	   classical	   breeding	   practice	   due	   to	   the	   difficulties	   in	   the	   identification	   of	   which	  mutation	  in	  a	  plant	  displaying	  an	  altered	  trait	  was	  responsible	  for	  the	  phenotype	  (Brock,	  1976).	  The	  development	  of	  plant	  molecular	  biology	  and	  biochemistry	  has	   facilitated	  the	   identification	  of	   individual	   genes	   insight	   into	   their	   function	   using	   reverse	   genetic	   tools	   such	   as	   antisense	  (PTGS)	   or	   RNAi	   (van	   der	   Krol	   et	   al.,	   1988;	   Chuang	   and	   Meyerowitz,	   2000;	   Sijen	   and	   Kooter,	  2000).	   These	   technologies	   opened	   up	   the	   possibilities	   of	   developing	  molecular	   tools	   for	   crop	  improvement.	   Although	   some	   GMO	   approaches	   have	   shown	   promising	   results,	   the	   regulatory	  framework	  and	  the	  consumer	  preferences	  makes	   the	  marketing	  of	  such	  products	  difficult.	  The	  advent	  of	  TILLING	  (Targeted	  Induced	  Local	  Lesions	  IN	  Genomes)	  has	  allowed	  the	  pinpointing	  of	  mutations	   in	   genes	   of	   interest	   (McCallum	   et	   al.,	   2000b).	   TILLING	   combines	   mutagenesis	  protocols	   with	   PCR	   and	   a	   method	   for	   single	   nucleotide	   DNA	   polymorphism	   detection.	   In	   the	  original	   protocol,	  mutational	   detection	   combined	   an	   enzymatic	   digestion	  with	   a	   single	   strand	  specific	   DNA-­‐nuclease	   and	   a	   high	   resolution	   denaturing	   polyacrylamide	   gel	   electrophoresis	  (McCallum	   et	   al.,	   2000b).	   The	   first	   TILLING	   population	   was	   directed	   at	   the	   model	   plant	  
Arabidopsis	  thaliana.	  However,	  there	  is	  no	  methodological	  restriction	  in	  the	  technique	  to	  model	  plants	  and	  large	  complex	  genomes	  proved	  equally	  amenable	  to	  the	  TILLING	  process	  (Till	  et	  al.,	  2004;	   Slade	   et	   al.,	   2005;	  Winkler	   et	   al.,	   2005;	   Amsterdam	   and	  Hopkins,	   2006;	   Gilchrist	   et	   al.,	  2006a;	  Lamour	  et	  al.,	  2006;	  Sood	  et	  al.,	  2006;	  Horst	  et	  al.,	  2007;	  Till	  et	  al.,	  2007a;	  Cooper	  et	  al.,	  2008;	  Dalmais	  et	  al.,	  2008;	  Wu	  et	  al.,	  2008;	  Xin	  et	  al.,	  2008).	  	  	  	  Tomato	  (Solanum	  lycopersicum	  L.)	  is	  an	  important	  vegetable	  crop	  with	  numerous	  uses	  as	  fresh	  and	  processed	  produce	  and	  with	  a	  high	  nutritional	  value	  (Hall	  et	  al.,	  2008).	  Tomato	  breeding	  has	  been	   successful	   in	   developing	   a	  wide	   variety	   of	   specialized	   cultivars	   for	   a	   number	   of	  markets	  (salad,	  cherry,	  beef	  and	  processing).	  Due	  in	  part	  to	  its	  commercial	  importance	  and	  its	  relatively	  uncomplicated	   genetics	   (diploid,	   self-­‐compatible)	   there	   has	   been	   a	   large	   volume	   of	  molecular	  genetics	   produced	   on	   tomato	   connecting	   genes	   with	   traits	   of	   interest.	   Nevertheless,	   tomato	  breeding	   remains	   challenged	  by	  a	   series	  of	  problems	   that	   include	  disease/pest	   resistance	  and	  stress	   tolerance	   as	   well	   as	   numerous	   other	   targets	   directed	   at	   fruit	   quality	   and	   plant	  architecture	   (García-­‐Olmedo,	   2002).	   For	   these	   breeding	   aims,	   targeted	   mutations	   in	   genes	  connected	   to	   traits	   of	   interest	   creating	   knockouts	   or	   modified	   activities	   may	   provide	   useful	  material.	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  EMS	   mutated	   populations	   have	   already	   been	   created	   for	   different	   tomato	   cultivars.	   One	   was	  developed	  on	  the	  M82	  line	  in	  Israel	  (Menda	  et	  al.,	  2004).	  The	  Micro-­‐Tom	  (Meissner	  et	  al.,	  1997)	  miniature	   tomato	   cultivar	  was	   also	  EMS	  mutagenised,	   first	   in	   the	   French	  National	   Institute	   of	  Agricultural	  Research	  (INRA)	  and	  later	  in	  the	  University	  of	  Tsukuba	  (Saito	  et	  al.,	  2009).	  	  	  Despite	  numerous	  improvements	  in	  the	  protocol	  and	  the	  use	  of	  different	  mismatch-­‐specific	  and	  sensitive	  endonucleases	  like	  ENDO1	  (Triques	  et	  al.,	  2008),	  TILLING	  is	  still	  a	  labor	  intensive	  and	  therefore	  costly	  process.	   In	   this	  paper	  we	  present	   two	  high	  throughput	   technologies	   that	  have	  been	   adapted	   to	   TILLING	   in	   plants	   together	   with	   the	   characterization	   of	   a	   large	   tomato	   EMS	  mutated	  population.	  	  	  
Results	  and	  discussion	  
	  
EMS	  induced	  mutant	  population	  development	  EMS	   is	   a	   chemical	   mutagen	   predominantly	   inducing	   C	   to	   T	   and	   G	   to	   A	   transitions	   randomly	  throughout	   the	   genome	   (McCallum	   et	   al.,	   2000a).	   In	   2006,	   Solanum	   lycopersicum	   seeds	   cv.	  TPAADASU	   were	   treated	   with	   EMS.	   M1	   plants	   were	   grown	   in	   the	   field	   in	   Italy.	   The	   M1	  population	   was	   the	   starting	   point	   for	   the	   creation	   of	   two	   mutant	   populations.	   For	   each	   M1	  mutant	   plant	   two	   fruits	   were	   harvested	   and	   their	   seeds	   kept	   separate.	   The	   first	   population,	  named	  M2	  population,	  is	  composed	  of	  8810	  families.	  Of	  these,	  585	  families	  were	  eliminated	  due	  to	   low	   seed	   set.	   However,	   any	   seeds	   that	   that	   were	   obtained	   have	   been	   stored	   for	   future	  propagation	  and	  DNA	  extraction.	  The	  second	  population,	  grown	  from	  the	  seeds	  of	  the	  second	  M1	  fruit	  was	  grown	  as	  M2	  families	  and	  5	  fruits	  for	  each	  of	  the	  8810	  families	  were	  harvested.	  A	  set	  of	  7030	   seed	   lots	   were	   harvested	   from	   the	   M2	   fruits	   and	   stored	   in	   a	   seed	   bank.	   This	   second	  population	   was	   named	   M3	   population.	   Development	   of	   the	   M2	   and	   M3	   populations	   is	  schematically	   represented	   in	   figure	   1	   together	   with	   the	   screening	   platforms.	   For	   both	  populations,	   DNA	   was	   extracted	   from	   a	   pool	   of	   10	   seeds	   originating	   from	   each	   seed	   lot.	   For	  mutation	  screening	  purposes,	  this	  DNA	  was	  4x	  or	  8x	  flat	  pooled.	  	  	  In	   the	   field,	   the	  population	   showed	  a	  broad	   range	  of	  mutant	  phenotypes	   for	   fruit	   color,	   shape	  and	  size.	  Plant	  architectural	  traits,	  such	  as	  plant	  size,	  branching,	  leaf	  shapes,	  inflorescences	  and	  flower	  organization	  were	  also	  highly	  variable	  in	  the	  M2	  plants	  (Figure	  2).	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Figure 1: Mutant production and identification using the TILLING process. M2 population, 10 seeds 
originating from the first M1 fruit were ground and ultimately DNA was isolated, the M2 population comprises 
8225 lines. M3 population, from the second M1 fruit, 8810 lines were grown and selfed, seeds were harvested 
for 7030 lines and a seedlot subset (10 seeds) was used for DNA extraction. For both M2 and M3 population, 
DNA was pooled 4 or 8 fold, depending on the selected screening method: CSCE; After Multiplex PCR 
amplification with fluorescent labelled primers, samples are directly pooled together and loaded on capillaries 
filled with CAP polymer. Pools containing a mutation are identified using Applied Maths’ HDA peak analyser 
software. HRM; Following PCR amplification in presence of LC-Green+™, pools are analysed for their product 
melting temperatures.  
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Figure	   2:	   Examples	   of	   tomato	   mutant	   traits	   in	   the	   M2	   population.	   Lines	   affected	   for	   plant	  architecture,	   (A)	   dwarf	   chlorophyll	   deficient	   plant,	   (B)	   small	   bushy	   plant,	   (D)	   oversized	   plant	   with	  indeterminate	  growth	  and	  absence	  of	   fruit	  grapes.	  Lines	  affected	   for	   flower	  and	   fruit	  color	  and	  size,	   (C)	  fruit	  color:	  Light	  colored	  ripened	  fruits,	  (E)	  fruit	  size:	  small	  fruits	  compare	  to	  wt	  on	  top	  of	  the	  picture,	  (F)	  fruit	  color:	  orange	   fruits,	   (G)	   inflorescence	  structure:	  Anantha-­‐like	  mutant,	   (H)	   fruit	  color:	  bright	  yellow	  fruits,	  (I)	  fruit	  shape:	  egg-­‐shaped	  fruit	  and	  (J)	  S.	  pimpenellifolium	  plant.	   	  
Adaptation	  of	  high-­‐throughput	  SNP	  detection	  platforms	  to	  mutation	  screening	  The	   standard	   system	   for	   point	   mutation	   discovery	   in	   TILLING	   projects	   is	   based	   on	   an	  endonuclease	  enzyme,	  either	  CEL1	  or	  ENDO1,	  which	  specifically	  cleaves	  at	  the	  mutation	  point	  by	  recognizing	  mismatches	  in	  double	  stranded	  DNA	  molecules.	  Pools	  containing	  a	  mutation	  within	  the	   fragment	   of	   interest	   are	   visualized	   on	  denaturing	  polyacrylamide	   gels	   using	   a	   Li-­‐Cor	  DNA	  analyser	  (McCallum	  et	  al.,	  2000b).	  	  Adapting	  efficient	  SNP	  discovery	  methods	  developed	  for	  the	  human	  genetics	  (Davies	  et	  al.,	  2006;	  Vossen	  et	  al.,	  2009),	  we	  have	  implemented	  two	  novel	  mutation	  detection	  screening	  techniques	  termed	  Conformation	  Sensitive	  Capillary	  Electrophoresis	  (CSCE)	  (Rozycka	  et	  al.,	  2000)	  and	  High	  Resolution	  Melt	  curve	  analysis	  (HRM)	  (Wittwer	  et	  al.,	  2003)	  which	  have	  proven	  to	  be	  sensitive	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  and	   high-­‐throughput	   methods	   in	   human	   and	   plant	   genetics	   (Lehmensiek	   et	   al.,	   2008).	   An	  overview	  of	  the	  screening	  process	  is	  schematically	  represented	  in	  Figure	  1.	  	  	  
Conformation	  Sensitive	  Capillary	  Electrophoresis	  CSCE	   is	   a	   non-­‐enzymatic	   differential	   DNA	   conformation	   technique	   for	   SNP	   discovery.	   When	  considering	  a	  DNA	  pool	  containing	  a	  mutant	  allele	  as	  well	  as	  wild-­‐type	  alleles,	  following	  PCR,	  the	  amplified	   product	   will	   anneal	   randomly	   to	   other	   fragments	   that	   may	   or	   may	   not	   contain	   a	  mutation.	   Thus	   several	   duplex	   species	   will	   be	   formed:	   (i)	   homoduplexes	   resulting	   from	   the	  annealing	  of	  wild-­‐type/wild-­‐type	  or	  mutant/mutant	  fragments	  together	  and	  (ii)	  heteroduplexes	  resulting	  from	  mutant/wild-­‐type	  fragments	  annealing	  together.	  Because	  of	  mismatches	  that	  are	  formed,	   the	   heteroduplexes	   will	   migrate	   at	   a	   different	   speed	   than	   the	   homoduplexes	   during	  electrophoresis	   in	   ABI	   3130XL	   capillaries	   filled	   with	   CAP,	   a	   semi-­‐denaturating	   polymer,	   thus	  allowing	   the	   identification	   of	   pools	   containing	   a	   mutation	   within	   the	   targeted	   fragment.	  Presence	  of	  heteroduplexes	  is	  identified	  as	  an	  altered	  peak	  shape	  as	  illustrated	  in	  Figure	  3.	  	  
Figure	  3:	  Output	  peaks	  from	  CSCE	  screen.	  (A)	  Negative	  control	  peak,	  represents	   a	   pool	   not	   containing	   any	   mutation,	   all	   the	   fragments	  migrate	   through	   the	   capillary	   at	   the	   same	   speed.	   (B)	   Positive	   control	  peak	   represents	   a	   pool	   containing	   DNA	   isolated	   from	   S.	  
pimpenellifolium	   seeds.	  The	   fragments	   forming	  heteroduplexes	  have	  a	  different	   motility	   through	   the	   CAP	   polymer	   than	   the	   majority	   of	   the	  other	  products.	  The	  homoduplexes	  in	  this	  example	  run	  faster.	  C,	  D	  &	  E;	  Examples	   of	   peak	   patterns	   different	   from	   either	   the	   positive	   or	   the	  negative	  controls	  and	  therefore	  identified	  as	  mutant,	  one	  line	  in	  each	  of	  these	   pools	   contain	   a	   mutation.	   Direct	   sequencing	   confirmed	   the	  results	   obtained	   with	   CSCE.	   (A)	   C2_At4g11570	   negative	   control;	   (B)	  C2_At4g11570	   Positive	   control;	   (C)	   C2_At4g11570	   mutant;	   (D)	  
Expansin1	  mutant	  (E)	  Second	  Expansin1	  mutant	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  To	  set	  up	  the	  screening	  platform,	  7	  DNA	  fragments	  were	  selected	  from	  the	  SGN	  marker	  database	  based	   on	   identified	   SNP’s	   between	   S.	   lycopersicum	  and	   S.	  pimpenellifolium.	   DNA	   from	   the	   two	  species	  was	  mixed	   in	  different	  ratios	  ranging	   from	  1	   in	  2	   to	  1	   in	  32.	  After	  PCR	  on	   the	  dilution	  series,	   PCR	   fragments	   were	   loaded	   on	   the	   capillaries	   and	   results	   showed	   that	   when	   S.	  
pimpenellifolium	   DNA	   was	   16	   times	   diluted,	   the	   SNP	   was	   still	   detectable	   as	   differentially	  migrating	  fragments	   in	  CSCE	  (data	  not	  shown).	  Although	  these	  results	  demonstrate	  that	  8	   fold	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  pooling	  was	  feasible	  in	  diploid	  material,	  a	  pooling	  of	  4	  times	  was	  used	  in	  order	  to	  avoid	  missing	  mutations.	  	  	  When,	  using	  CEL1/ENDO1	  –	  Li-­‐Cor	  platforms,	  it	  is	  possible	  to	  screen	  for	  fragments	  up	  to	  1.5	  kb	  in	  one	  run	  (Comai	  and	  Henikoff,	  2006).	  In	  CSCE,	  however,	  target	  fragment	  lengths	  between	  200	  to	  500	  bp	  are	  optimal	  (Davies	  et	  al.,	  2006).	  In	  our	  experience,	  this	  limitation	  can	  be	  compensated	  for	  by	  multiplex	  PCR	  of	  up	  to	  4	  fragments	  and	  by	  using	  forward	  primers	  labelled	  with	  3	  different	  dyes	  for	  each	  product	  labelling.	  Combining	  multiplex	  PCR	  and	  multiple	  labelling	  with	  amplicons	  differing	  in	  size,	  it	  is	  possible	  to	  screen	  for	  12	  fragments	  in	  one	  run	  by	  pooling	  all	  PCR	  products	  post-­‐PCR	   reaction.	   For	   example,	   three	   genes	   are	   targeted;	   four	   fragments	   per	   gene	   can	   be	  screened.	  Four	  multiplex	  PCRs	  can	  be	  performed	  in	  each	  of	  these,	  one	  fragment	  from	  each	  gene	  is	   amplified.	   Finally,	   all	   products	   from	   the	   four	   multiplex	   PCRs	   are	   pooled	   together	   and	   run	  altogether	  in	  CSCE.	  	  	  Since	  neither	  of	  the	  two	  technologies	  explored	  here	  (also	  see	  HRM	  below)	  allow	  the	  screening	  of	  large	   target	   amplicons,	   we	   therefore	   elected	   to	   focus	   only	   on	   coding	   regions	   of	   the	   genome.	  Furthermore,	   we	   initially	   analysed	   coding	   regions	   with	   the	   CODDLE	   software	   (Penrose	   and	  Martin,	   1997)	   to	   identify	   target	   fragments	   rich	   in	   residues	   that	   are	  more	   likely	   to	   give	   rise	   to	  STOP	  codons	  (Till	  et	  al.,	  2003).	  Other	   factors	   that	  were	  considered	  are,	   the	   location	  of	   regions	  coding	  for	  conserved	  protein	  domains,	  as	  these	  coding	  regions	  are	  the	  most	   likely	  to	  affect	  the	  activity	   of	   the	   protein	   (e.g.	   binding	   domains	   in	   transcription	   factors	   or	   active	   centres	   in	  enzymes).	   To	   localise	   such	   putative	   sites,	   the	   amino	   acid	   sequence	   of	   candidate	   genes	   can	   be	  analysed	  with	  the	  NCBI	  Conserved	  Domain	  Database	  (CDD)	  and	  using	  tailor	  made	  software	  such	  as	  SIFT	  (Ng	  and	  Henikoff,	  2003).	  	  	  
High	  Resolution	  Melt	  curve	  analysis	  (HRM)	  As	  with	  CSCE,	  HRM	  is	  a	  non-­‐enzymatic	  screening	  technique	  (Vossen	  et	  al.,	  2009).	  During	  the	  PCR	  amplification,	   LCgreen	  Plus+™	  molecules	   are	   intercalated	   between	   each	   annealed	   base	   pair	   of	  the	  double	  stranded	  DNA	  molecule.	  When	  captured	  in	  the	  molecule,	   the	  LCgreen	  Plus+™	  emits	  fluorescence	   at	   510	   nm	   after	   excitation	   at	   470	   nm.	   A	   camera	   in	   the	   LightScanner®	   apparatus	  records	   the	   fluorescence	   intensity	   while	   the	   plate	   is	   progressively	   heated.	   At	   a	   temperature	  dependant	   on	   the	   sequence	   specific	   stability	   of	   the	   DNA	   helices,	   the	   double	   stranded	   PCR	  product	  starts	  to	  melt,	  releasing	  the	  LCgreen	  Plus+™	  dye.	  The	  release	  of	  dye	  results	  in	  decreased	  fluorescence	   that	   is	   recorded	   as	   a	   melting	   curve	   by	   the	   LightScanner®.	   Pools	   containing	   a	  mutation	  form	  heteroduplexes	  in	  the	  post-­‐PCR	  fragment	  mix.	  These	  are	  identified	  as	  differential	  melting	  temperature	  curves	  in	  comparison	  to	  homoduplexes	  (Figure	  4).	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  We	  repeated	  the	  same	  strategy	  used	  when	  setting	  up	  the	  CSCE	  platform	  in	  order	  to	  test	  whether	  HRM	  was	   suitable	   for	   large	   scale	  mutation	   screening.	   Fragments	   containing	   SNP’s	   between	   S.	  
lycopersicum	  and	  S.	  pimpenellifolium	  were	  amplified	  on	  a	  dilution	  range	  of	  S.	  pimpenellifolium	  in	  
S.	  lycopersicum	  from	  1	  in	  2	  to	  1	  in	  32.	  It	  was	  possible	  to	  distinguish	  heteroduplex	  formation	  even	  when	   S.	   pimpenellifolium	   DNA	   was	   32	   times	   diluted	   (figure	   4).	   An	   8	   fold	   flat	   pooling	   of	   the	  population	   was	   therefore	   undertaken	   in	   order	   to	   start	   with	   the	   analysis	   of	   mutations	   in	  candidate	  genes.	  	  
	  
Figure	  4:	  Output	  data	  from	  HRM	  analysis	  (A	  and	  B).	  The	  upper	  panel	  shows	  the	  fluorescence	  change	  in	  dependence	   on	   the	   temperature.	   The	   lower	   panel	   shows	   the	   relative	   difference	   in	   melting	   curves	  compared	   to	   a	   reference	   sample.	   Decrease	   in	   fluorescence	   reflects	   the	   annealing	   state	   of	   the	   duplex	  species	  in	  the	  sample.	  Samples	  starting	  to	  melt	  at	  a	  lower	  temperature	  are	  likely	  to	  contain	  a	  SNP	  within	  the	  amplified	   fragment.	   (A)	  These	  graphs	  are	  presented	   the	  data	   from	   the	   serial	  dilution	  experiment.	  A	  PCR	   product	   (TG581	   RFLP	   marker	   (SGN-­‐M84))	   has	   been	   amplified	   from	   S.	   lycopersicum	   (grey),	   S.	  
pimpenellifolium	  (pink)	  or	  dilution	  of	  S.	  pimpenellifolium	   in	  S.	  lycopersicum	  with	  the	  following	  ratios:	  1/1	  (light	   blue);	   1/3	   (dark	   blue);	   1/7	   (green);	   1/9	   (red);	   1/15	   (blue);	   1/31	   (orange).	   (B)	   HRM	   screening	  output	   from	   screen	   performed	   on	   4x	   pools	   from	   the	  M2	   population	   for	   the	  PSY	   gene	   (PSY-­‐1	   fragment;	  table	  1).	  The	  pink	  melting	  curve	  corresponds	  to	  a	  pool	  containing	  a	  C	  to	  T	  mutation	  within	  the	  amplified	  fragment,	  position	  and	  type	  of	  mutation	  was	  identified	  by	  Sanger	  sequencing.	  	  
Mutation	  screening	  in	  candidate	  genes	  and	  false	  positive/negative	  estimation	  In	  Arabidopsis	   thaliana,	   increased	   proline	   is	   correlated	  with	   an	   increased	   tolerance	   to	   abiotic	  stresses.	   Antisense	   suppression	   of	   the	   expression	   of	   a	   proline	   degradation	   enzyme,	   proline	  dehydrogenase	  was	   shown	   to	   lead	   to	   elevated	   proline	   levels	   in	   various	   tissues	   and	   increased	  tolerance	  to	  freezing	  and	  salt	  stress	  (Nanjo	  et	  al.,	  1999).	  To	  create	  similar	  phenotypes	  in	  tomato,	  without	  the	  use	  of	  genetic	  modification,	  the	  ProDH	  gene	  [DFCI	  Solanum	  lycopersicum	  Gene	  Index:	  TC209088	   TC589]	   was	   chosen	   for	   mutational	   screening	   using	   HRM.	   Screening	   of	   6,700	   M3	  
TILLING	  &	  EcoTILLING	  in	  tomato	   27	  	  families	   for	   the	   proline	   dehydrogenase	   (ProDH)	   gene	   on	   a	   total	   length	   of	   788	   bp,	   led	   to	   the	  identification	  of	  8	  mutations.	  	  	  The	  ProDH	  gene	  was	  also	  screened	  using	  HRM	  on	  the	  8025	  families	  of	  the	  M2	  population.	  Using	  8-­‐fold	  (8x)	  pooled	  DNA,	  only	  four	  mutations	  were	  identified.	  It	  was	  expected	  that	  the	  mutation	  frequency	   in	   the	  M3	  and	  M2	  populations	  would	  be	  equal;	  however,	   surprisingly	   the	  M2	  had	  a	  more	   than	   two	   fold	   lower	  mutation	   frequency.	  To	  eliminate	   the	  possibility	   that	   this	  difference	  was	  due	  to	  a	  too	  high	  dilution	  in	  the	  M2	  screen,	  the	  screening	  was	  repeated	  on	  4	  fold	  (4x)	  pools.	  With	   4x	   pools	   12	  mutations	  were	   identified.	   All	  mutation	   events	  were	  mapped	   on	   the	  ProDH	  cDNA	   sequence	   (Figure	   5).	   The	   analysis	   of	   results	   from	   the	   two	  M2	   screens	   using	   8x	   and	   4x	  pooled	   DNA	   with	   the	   same	   set	   of	   genotypes,	   showed	   that	   of	   the	   4	   mutations	   found	   with	   8x	  pooling,	  3	  were	  also	  detected	  with	  4x	  pooling.	  We	  conclude	  that	  one	  mutation	  was	  not	  detected	  using	  4x	  pooling.	  This	  yields	  a	   rough	  estimate	   for	   the	   false	  negative	   rate	   in	  4x	  pooling	  of	  0.25	  (s.e.	  =	  0.217).	  This	  value	  is	  probably	  an	  overestimation	  due	  to	  the	  low	  number	  of	  observations	  (Table	  1).	  In	  contrast,	  the	  false	  negative	  rate	  of	  8x	  pooling	  with	  the	  M2	  samples	  is	  significantly	  higher	   than	  with	   4x	   pooling	   based	   on	   a	   binomial	   test,	   (P<0.001).	   Of	   the	   12	   detected	  mutants	  with	  4x	  pooling,	  9	  were	  not	  detected	  with	  8x	  pooling,	  yielding	  a	  false	  negative	  rate	  of	  0.75	  with	  an	  s.e.	  =	  0.125	  (Table	  1).	  From	  these	  results	  we	  estimate	  the	  true	  mutation	  frequency	  is	  2.5	  SNPs	  per	  Mb.	  The	  mutation	  detection	  rate	  is	  however	  lower	  and	  depends	  on	  the	  pooling	  strategy.	  No	  such	  false	  negative	  rate	  is	  available	  for	  the	  M3	  screening.	  	  
	  
Figure	  5:	  PARSESNP	  output	  for	  the	  ProDH	  
gene	   following	  mutation	   identification	   in	  
both	   M2	   and	   M3	   mutagenised	  
populations.	   (A)	   PARSESNP	   graphical	  positioning	   of	   identified	   SNPs.	   The	   orange	  box	   represents	   the	   ProDH	   coding	   sequence.	  The	  black	  triangles	  represent	  the	  position	  of	  the	   mutations.	   Black	   stripes	   represent	   the	  PCR	  fragments	  that	  were	  analysed	  with	  HRM.	  (B)	   Following	   high-­‐throughput	   mutation	  screening,	   ProDH	   putative	   mutant	   families	  were	  sequenced.	  G	  to	  A	  and	  C	  to	  T	  transitions	  are	   identified	   as	   double	   peaks.	   In	   total	   19	  mutations	   were	   identified.	   Here	   four	  chromatograms	   displaying	   mutations	   are	  shown	   as	   examples,	   they	   correspond	   to	   the	  green	  circled	  arrow	  heads	  in	  (A).	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  The	  selection	  criteria	  used	  for	  identifying	  potential	  mutation	  events	  in	  the	  screening	  of	  the	  pools	  is	  based	  on	  a	  visual	  evaluation	  of	  the	  HRM	  curves.	  These	  pools	  are	  deconvoluted	  to	  individuals	  in	  a	  second	  HRM	  screen	  and	  only	  a	  subset	  of	  these	  are	  selected	  for	  sequencing	  which	  provides	  the	   final	   validation	   of	   the	   HRM	   results	   (Figure	   6).	   For	   the	   HRM	   technology	   there	   is	   a	   clear	  linkage	  to	  the	  workload	  and	  the	  rate	  of	  false	  negative	  and	  false	  positives.	  In	  order	  to	  minimize	  false	   negatives,	   a	   large	   number	   of	   false	   positives	   are	   accepted	   in	   the	   first	   screen	   (pooled	  samples).	   Although	   there	   is	   a	   significant	   reduction	   of	   samples	   in	   the	   screen	   on	   the	   individual	  (families),	   the	   final	   appraisal	   of	   the	   mutations	   is	   made	   on	   the	   basis	   of	   the	   sequence	   of	   the	  amplicons.	  	  
	  
Figure	   6:	  Overview	   of	   the	   mutation	   screen	   for	   ProDH	  on	   the	   M2	   population.	   8025	   EMS	  mutated	  families	  from	  the	  M2	  population	  were	  four-­‐fold	  flat	  pooled	  providing	  2112	  pools	  divided	  among	  22	  plates	  of	  96	  wells.	  Following	  PCR,	  pools	  were	  analysed	  for	  HRM	  with	  a	  LightScanner®	  apparatus.	  HRM	  analysis	  identified	   87	   pools	   as	   putatively	   containing	   a	   mutation.	   Following	   deconvolution	   and	   PCR,	   the	   HRM	  analysis	  was	   repeated	  and	  47	  single	  mutant	   families	  were	  sent	   for	  Sanger	   sequencing.	  Finally	  based	  on	  sequence	  data	  12	  mutations	  were	  identified.	  From	  the	  first	  PCR	  till	  the	  identification	  of	  the	  mutants	  with	  sequence	  data,	  the	  work	  load	  was	  a	  total	  of	  5	  working	  days	  for	  one	  person	  as	  shown	  on	  the	  left	  side	  of	  the	  arrows.	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Table	  1.	  ProDH	  screen	  results	   	  
  (a) 
M2 
(b) 
M2 
(c) 
M3 
  4x 8x 8x 
Total # lines screened (N) 8025 8025 6692 
# of positive pools after Screen 1 (on pools) (P1) 87 33 23 
# of positive individuals after Screen 2 (on individuals from positive pools) (P2) 47 32 27 
# of confirmed mutations after sequencing (P3) 12  4 8 
# detected as % of # of followed up after Screen 1 (D1) 13.8% 12.1% 34.8% 
     
# of false negatives (no mutant detected while present) (F1) 1 9 No data 
False negative rate (fraction) (F1-f) 0.25 0.75 No data 
Mutation detection frequency (mutations per 1000 kb amplicon length) MD1 1.9 0.63 1.5 
True mutation frequency (mutations per 1000 kb amplicon length) M1 2.53 2.53 No data Explanations	  of	  variable	  names:	  in	  the	  description	  the	  general	  variable	  name	  is	  given	  (e.g.	  P1).	  To	  indicate	  the	  value	  in	  the	   table,	   indices	  a,	  b	  and	  c	  have	  been	  used	   to	   indicated	   the	  column.	  Calculation	  details:	  P1,	  P2,	  P3,	  F1	  were	  direct	  results.	  D1	  =	  P3/P1	  (expressed	  as	  %),	  e.g.	  D1a=P3a/P1a	  =	  12/87	  =	  13.8%.	  F1a-­‐f	  =	  F1a/P1b	  (expressed	  as	  fraction	  =	  1/4	  =	  0.25;	  F1b-­‐f	  =	  F1b/P1a	  (expressed	  as	  fraction	  =	  9/12	  =	  0.75.	  MD1	  =	  P3/(N*amplicon	  length)	  =	  (12/(8025	  *	  788))	  *	  1,000,000	  =	  1.9	  per	  1,000	  kb;	  M1a	  =	  MD1a/(1-­‐F1a-­‐f)	  =	  1.9	  /	   (1	   -­‐	  0.25)	  =	  1.9	  /	   (0.75)	  =	   	  4	  *	  1.9	  /	  3	  =	  2.53;	  M1b	  -­‐	  MD1b/(1-­‐F1b-­‐f)	  =	  0.64	  /(1	  -­‐	  0.75)	  =	  0.63	  /	  (0.25)	  =	  4	  *	  0.63/	  1	  =	  2.53	  	  
Mutation	  frequency	  of	  the	  mutant	  populations	  The	  seven	  selected	  SNP-­‐fragments	  used	  to	  set	  up	  the	  CSCE	  screening	  platform	  were	  screened	  on	  2300	   individual	   families.	   In	   this	   screen,	   5	  mutations	  were	   identified	   and	   confirmed	   by	   direct	  sequencing	   (data	   not	   shown).	   This	   initial	   screen	   validated	   the	   CSCE	   technique	   and	   confirmed	  that	   the	   technique	  was	  promising	   for	  mutation	  detection.	  After	   this	  pilot	   experiment,	   the	   first	  gene	   screened	   for	   mutations	   was	   the	   Auxin	   Response	   Factor	   7	   (ARF7).	   For	   this,	   the	   coding	  region	   was	   divided	   in	   3	   fragments.	   CSCE	   and	   subsequent	   sequencing	   data	   confirmed	   that	   5	  mutations	  within	  these	  amplicons	  could	  be	  identified	  using	  the	  5000	  M3	  families.	  	  	  Screening	   for	   mutants	   in	   additional	   genes	   (Phytoene	   synthase	   (PSY)	   a	   gene	   involved	   in	   the	  synthesis	   of	   the	   compounds	   responsible	   for	   the	   characteristic	   tomato	   red	   color;	   Sucrose	  synthase	   2	   (Sus2)	   an	   enzyme	   involved	   in	   sugar	  metabolism	   during	   the	   early	   development	   of	  tomato	   fruits)	   using	   both	   detection	   technologies	   resulted	   in	   the	   identification	   of	   a	   total	   of	   44	  mutations	   over	   35.2	   Mb	   coding	   DNA,	   indicating	   an	   effective	   mutagen	   treatment	   for	   our	  population	  with	  an	  average	  mutation	  density	  of	  1	  mutation	  every	  737	  Kb	  (Table	  2).	  Using	  CSCE	  and	  HRM	  as	  mutation	  screening	  techniques,	  the	  fragment	  size	  that	  can	  be	  analysed	  is	  limited	  to	  a	  maximum	   of	   500	   bp	   (Davies	   et	   al.,	   2006),	   (Reed	   and	   Wittwer,	   2004),	   therefore	   we	   exclude	  introns	  from	  the	  screens	  as	  mutations	  in	  these	  regions	  are	  generally	  neutral.	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Table	  2.	  Tomato	  TILLING	  results	  overview.	  
Product Size (Kb) 
Screened 
families 
Mutations 
identified 
Mutation detection rate 
(n mutations/1000 kb) 
Mutation density 
(1/n kb) 
SNP Markers 1.467 2300 5 1.48 675 
      
ARF7 0.894 5000 5 1.12 894 
      
ProDH2 M3 0.788 6700 8 1.52 660 
      
ProDH2 M2 0.788 8025 12 1.90 527 
      
PSY1 0.804 8025  8 1.24 807 
      
Sus2 0.812 8025  6 0.92 1086 
      
All products 0.8514 38075 44 1.36 737 
 (weighted 
average) 
(independent 
amplicons) 
   Mutation	  frequencies	  on	  the	  tomato	  genome	  were	  calculated	  as	  follow:	  ((total	  size	  of	  amplicons)	  x	  (total	  number	  of	  screened	   lines))/(number	   of	   identified	  mutations).	   The	   average	  mutation	   frequency	  was	   calculated	   as:	   ((weighted	  average	  amplicon	  size)x(total	  number	  of	  independent	  amplicons))/(total	  number	  of	  mutations).	  	  Mutation	  screens	  in	  the	  other	  tomato	  populations	  show	  similar	  frequencies	  as	  the	  one	  observed	  in	   the	   present	   study:	   Saito	   and	   co-­‐workers	   (Saito	   et	   al.,	   2009)	   estimated	   their	   mutation	  frequency	  to	  be	  of	  1	  mutation	  event	  per	  Mb	  screened.	  Moreover	   in	  a	  recent	  study	  using	  direct	  sequencing	  with	  454	  GS	  FLX	  Rigola	  and	  co-­‐workers	  (Rigola	  et	  al.,	  2009)	  identified	  2	  mutations	  in	  889	  bp	  of	  the	  SleIF4E	  gene	  in	  3008	  M2	  families	  of	  the	  M82	  population,	  resulting	  in	  a	  mutation	  density	  of	  0.75	  mutation	  per	  1000	  Kb	  screened.	  In	  our	  population,	  we	  observe	  a	  slightly	  higher	  mutation	   frequency:	   1.36	  mutation	  per	  1000	  Kb	   screened.	  Therefore	  we	   suggest	   that	   a	   useful	  mutation	  density	  has	  been	  achieved	  in	  our	  tomato	  mutant	  population	  for	  breeding	  purposes.	  In	  addition,	  considering	  that	  creating	  a	  valuable	  mutant	  population	  is	  a	  compromise	  between	  high	  mutation	  rates	  and	  minimising	  the	  risks	  of	  sterility	  and	  early	  development	  defects,	  choice	  of	  1%	  EMS	  treatment	  of	  the	  seeds	  and	  a	  60%	  survival	  rate	  was	  acceptable.	  We	  subsequently	  observed	  a	   loss	   of	   10%	   of	   the	  mutant	   families	   in	   the	   two	   successive	   generations,	   because	   of	   defects	   in	  germination	   and	   plantlet	   development,	   flower	   development	   or	   parthenocarpy.	   We	   therefore	  conclude	  that	  the	  mutagen	  treatment	  was	  optimal	  for	  our	  purposes.	  	  For	   practical	   breeding	   the	   mutation	   detection	   rate	   is	   the	   most	   relevant	   information	   as	   it	  determines	  how	  many	   families/genotypes	  have	   to	  be	   screened	  before	  a	  mutant	  will	  be	   found.	  However,	  when	   designing	  mutation	   breeding	   also	   the	   real	  mutation	   rate	   is	   important,	   as	   this	  determines	  the	  amount	  of	  non-­‐target	  genes	  that	  will	  be	  affected.	  Taking	  the	  false	  negative	  rate	  with	  ProDH	   of	   the	  M2-­‐set	   into	  account	   gives	   a	   true	  mutation	   frequency	  of	  2.53	  mutations	  per	  1000	  kb	  or	  1	  mutated	  nucleotide	   in	  351	  kb	  as	  compared	   to	   the	  mutation	  detection	  rate	  of	  1.9	  mutations	  per	  1000	  kb	  or	  1	  nucleotide	   in	  527	  kb	   (Calculations	  are	  based	  on	   the	  screen	  of	   the	  
ProDH	  gene	  on	  the	  M2	  population	  4	  fold	  pooled;	  see	  tables	  1	  and	  2).	  It	  is	  clear	  that	  an	  accurate	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  measurement	  of	  the	  false	  negative	  rate	  is	  important.	  This	  cannot	  be	  judged	  only	  on	  the	  basis	  of	  the	  detection	  limit	  of	  the	  method,	  here	  HRM.	  Our	  results	  show	  a	  detection	  limit	  for	  a	  mutation	  <1:31	  (see	  dilution	  with	  SNP),	  however	  with	  8x	  pools	  we	  still	  miss	  some	  mutants	  at	  a	  dilution	  of	  1:16.	   In	   literature	   (Colbertet	   al.,	   2001;	   Greene	   et	   al.,	   2003;	   Triques	   et	   al.,	   2007;	   Suzuki	   et	   al.,	  2008),	  generally	  only	  mutation	  detection	  rates	  rather	  than	  true	  mutation	  rates	  are	  reported	  as	  usually	  the	  false	  negative	  rate	  is	  not	  determined.	  	  	  Our	  complete	  set	  of	  mutant	  plant	  material	  comprises	  ~15,000	   families.	  These	   families	  may	  be	  regarded	   as	   two	   independent	   M2	   and	   M3	   populations	   (Figure	   2).	   We	   argue	   that	   these	   two	  populations	  are	  different	   in	   that	   they	  originate	   from	   two	  different	  M1	   fruits.	  The	   treatment	  of	  seeds	   with	   EMS	   results	   in	   chimerism	   in	   the	   M1	   generation.	   During	   development,	   the	   apical	  meristem	  will	  form	  all	  the	  aerial	  part	  of	  the	  plant.	  Each	  cell	  or	  group	  of	  cells	  from	  this	  meristem	  is	   from	  the	  very	  early	  stage	  of	  development	  predestined	   to	   form	  specific	  organs,	   thus	  cell	   fate	  determination	   predates	   the	   effect	   of	   EMS	   treatment.	  Within	   the	   embryonic	   apical	  meristem	   a	  number	   of	   cells	   will	   give	   rise	   to	   the	   production	   of	   the	   gametes.	   Canales	   et	   al.	   (Canales	   et	   al.,	  2002)	  state	  that	  plant	  germ-­‐lines	  arise	  late	  in	  the	  development	  from	  archesporial	  initials	  in	  the	  L2	   layer	   of	   the	   anther	   and	   ovule	   primordia,	   indicating	   that	   various	   apical	   meristems	   already	  present	   before	   the	   EMS-­‐treatment	   in	   the	   seed	  may	   contribute	   to	   gametes,	   thus	   giving	   rise	   to	  various	   independent	  mutations	   in	   the	  M1-­‐plant.	   Irish	   and	   Sussex	   (1990)	   cite	   various	   authors	  stating	   that	   in	   an	   apical	   meristem	   the	   'genetically	   effective	   cell	   number'	   (GECN,	   independent	  cells	  contributing	  to	  gamete	  production)	  is	  only	  2	  to	  3	  cells	  in	  Arabidobsis,	  which	  means	  that	  in	  each	  inflorescence	  only	  a	  limited	  number	  of	  independent	  mutations	  will	  be	  present.	  In	  barley,	  a	  minimum	  of	  6	   shoot	   sectors	   (coming	   from	  different	   apical	  meristems)	   are	   already	   initiated	   in	  the	   seed,	   as	   determined	   from	   leaf	   mutant	   analysis	   and	   these	   shoot	   sectors	   each	   will	   give	   an	  independent	  floral	  spike	  for	  which	  already	  one	  or	  two	  cells	  are	  present	  per	  spike	  at	  the	  moment	  of	   the	   EMS	   treatment	   that	  will	   give	   rise	   to	   gametes	   (Jacobsen,	   1966).	   Therefore,	   in	   barley,	   at	  least	  6-­‐12	  independent	  sporogenous	  cells	  are	  present	  in	  the	  seed	  before	  the	  mutation	  treatment.	  No	  such	  information	  was	  found	  for	  tomato,	  but	  it	  may	  be	  concluded	  that	  also	  in	  tomato,	  a	  single	  plant	   will	   have	   multiple	   initial	   cells	   in	   the	   seed	   before	   the	   EMS-­‐treatment	   is	   applied	   and	  therefore	  will	  produce	  multiple	  independent	  mutations	  in	  its	  offspring.	  Also,	  it	  is	  probable	  that	  offspring	  arising	  from	  a	  single	  fruit	  will	  have	  a	  high	  probability	  of	  carrying	  the	  same	  mutation	  as	  apparently	  generally	  in	  plants	  only	  2-­‐3	  initial	  cells	  form	  the	  gametes	  in	  an	  inflorescence.	  	  It	   is	   therefore	   likely	   that	   two	   fruits	   coming	   from	   two	   different	   parts	   of	   a	   plant	   will	   contain	  different	  sets	  of	  mutations.	  That	  this	  is	  indeed	  the	  case	  was	  shown	  by	  screening	  the	  ProDH	  gene	  on	   the	   M2	   as	   well	   as	   on	   the	   M3	   population.	   With	   the	   HRM	   platform	   we	   identified	   11	   new	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  mutations	  in	  the	  M2	  population	  that	  are	  different	  from	  the	  6	  found	  in	  the	  M3	  population	  and	  in	  both	  collections	  only	  two	  common	  mutations	  were	  identified.	  These	  results	  confirm	  that	  our	  two	  populations	  (see	  Figure	  2)	  are	  independent	  mutant	  populations.	  	  To	  find	  common	  mutations	  within	  the	  M3	  and	  the	  M2	  population	  is	  not	  unexpected.	  Indeed,	  as	  two	  fruits	  were	  randomly	  harvested	  from	  the	  M1	  plants,	   it	   is	  probable	  that	  in	  some	  cases	  they	  were	   collected	   from	   the	   same	   inflorescences.	   In	   a	   single	   inflorescence,	   it	   is	  more	   probable	   to	  retrieve	   two	   cells	   both	   originating	   from	   an	   identical	   gamete	   stem	   cell	   mutated	   by	   the	   EMS	  treatment.	  Thus,	  two	  different	  fruits	  may	  have	  partial	  similarities	  for	  mutation	  content.	  Another,	  perhaps	  even	  more	  plausible	  explanation	   is	   the	  existence	  of	  background	  mutations	   in	   the	  M0-­‐plants.	  With	   background	  mutations	   it	   is	   easy	   to	   explain	   both	   results	   1)	   that	   the	   same	  mutant	  sequences	   were	   found	   in	   M2	   and	   M3-­‐families	   in	   2	   out	   of	   8	   mutations	   and	   2)	   the	   fact	   that	  homozygous	  mutants	  were	  found	  (3	  out	  of	  19	  different	  mutations	  were	  homozygous	  for	  the	  M2	  and	  M3-­‐family	  analysis	  with	  ProDH).	  	  
	  
General	  conclusions	  on	  the	  screening	  platforms	  We	  show	  that	  both	  CSCE	  and	  HRM	  SNP	  detection	  methods	  are	  very	  interesting	  and	  cost	  effective	  developments	  with	  regard	  to	  high-­‐throughput	  mutation	  screening	  methods	  or	  experiments.	  The	  standard	  endonuclease-­‐Li-­‐Cor	  platform,	  despite	  being	  more	  sensitive	   in	   terms	  of	  heteroduplex	  detection	   in	  pooled	  samples	   	   (Triques	  et	  al.,	  2007)	   than	   the	   techniques	  described	  here,	   is	  also	  labor	  intensive	  due	  to	  the	  numerous	  steps	  involved	  in	  the	  procedure:	  PCR,	  enzymatic	  reaction,	  gel	   preparation	   and	   loading	   and	   visual	   analysis.	   Here	  we	   have	   developed	   two	   platforms	   only	  requiring	  preparations	  of	  PCR	  prior	  to	  sample	  analysis.	  Using	  the	  LiCor/ENDO1	  platforms	   it	   is	  possible	  to	  screen	  3000	  plants	  per	  day	  for	  an	  average	  target	  length	  of	  1kb	  (Colbert	  et	  al.,	  2001).	  However,	   using	   CSCE	   2.5kb	   of	   target	   sequences	   could	   be	   screened	   on	   1200	   families	   per	   day	  which	  for	  the	  ease	  of	  comparison	  correspond	  to	  3000	  families	  screened	  for	  1kb	  target	  sequence	  in	  a	  day.	  CSCE	  throughput	  can	  be	  increased	  by	  the	  use	  of	  48,	  96	  or	  384	  capillaries	  instead	  of	  16	  capillaries	  analysers	  used	  here.	  With	  HRM	  one	  96-­‐well	  plate	  can	  be	  processed	  in	  less	  than	  five	  minutes	  and	  results	  analyzed	  in	  another	  five	  minutes.	  Depending	  on	  the	  availability/capacity	  of	  PCR	  machines	  in	  our	  laboratory,	  we	  screened	  4600	  families	  for	  1kb	  of	  target	  sequence	  per	  day.	  This	   throughput	   allowed	   us	   to	   screen	   1kb	   of	   coding	   sequence	   in	   less	   than	   5	   days	   on	   8025	  families	   starting	   from	  screening	   the	  4x	  DNA	  pools	   till	   confirmation	  of	   the	  mutation	  by	  Sanger	  sequencing	   (Figure	   6).	  Here	   also	   the	   throughput	   could	   be	   increased	  by	   using	   384	  well	   plates.	  Both	   the	   CSCE	   and	   HRM	   platforms	   are	   easy	   to	   set-­‐up,	   cost	   effective	   and	   high-­‐throughput	  technologies	  that	  in	  our	  opinion	  out-­‐perform	  the	  other	  mutation	  scanning	  methods	  published	  so	  far.	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Materials	  and	  methods	  	  
Plant	  material	  and	  EMS	  treatment	  
TPAADASU,	  a	  highly	  homozygous	  inbred	  parental	  line,	  used	  in	  commercial	  processing	  tomato	  breeding,	   was	   selected	   for	   mutagenesis	   treatment	   with	   the	   following	   protocol.	   After	   seed	  germination	  on	  damp	  Whatman®	  paper;	  www.whatman.com	  for	  24h,	  ~20,000	  seeds,	  divided	  in	  8	   batches	   of	   2500	   respectively,	   were	   soaked	   in	   100	   ml	   of	   ultra	   pure	   water	   and	   ethyl	  methanesulfonate	   (EMS)	   at	   a	   concentration	   of	   1%	   in	   conical	   flasks.	   The	   flasks	   were	   gently	  shaken	  for	  16h	  at	  room	  temperature.	  Finally,	  EMS	  was	  rinsed	  out	  under	  flowing	  water.	  Following	  EMS	   treatment,	   seeds	  were	  directly	   sown	   in	   the	  greenhouse.	  Out	  of	   the	  60%	  of	   the	  seeds	  that	  germinated,	  10600	  plantlets	  were	  transplanted	  in	  the	  field.	  	  	  From	  the	  8810	  M1	  lines	  that	  gave	  fruits,	  two	  fruits	  per	  plant	  were	  harvested.	  DNA	  was	  isolated	  from	  seeds	  coming	  from	  the	  first	  fruit,	  constituting	  the	  M2	  population	  DNA	  stock.	  	  From	  the	  second	  fruits,	  10	  seeds	  were	  sown	  in	  the	  greenhouse	  to	  produce	  M2	  plants,	  of	  which	  3	  plants	  were	   grown	   in	   open	   field.	   During	   harvest,	   five	   fruits	   from	   one	  M2	   plant	   per	   line	  were	  collected.	  M3	   seeds	  were	   isolated	   from	   the	  M2	   fruits	   and	   10	   of	   the	   seeds	  were	   used	   for	  DNA	  isolation	  and	  constitute	  the	  M3	  population	  DNA	  bank	  (Figure	  1).	  	  
S.	  pimpenellifolium	  (Accession	  number	  LA121)	  plants	  were	  grown	  in	  the	  field	  along	  with	  the	  M2	  lines	  (Figure	  2).	  One	  S.	  pimpenellifolium	  was	  planted	  every	  96	  mutant	   lines.	  DNA	  was	  obtained	  and	  stored	  in	  96	  well	  plates	  in	  the	  order	  the	  lines	  were	  planted	  in	  the	  field.	  Thus,	  one	  well	  from	  each	  DNA	   stock	  plate	   contains	  S.	  pimpenellifolium	  DNA	  and	   this	  position	   varies	   for	   each	   stock	  plate,	  A1	  for	  plate	  number	  1,	  B1	  for	  plate	  number	  2	  etc.	  As	  many	  SNPs	  can	  be	  found	  between	  S.	  
lycopersicum	   and	  S.	  pimpenellifolium,	   this	   setup	  was	  designed	   to	  provide	  controls	   for	   the	  plate	  identification	  (specific	  position	  for	  each	  stock	  plate	  as	  described	  above)	  and	  positive	  controls	  for	  the	  screening	  platforms.	  	  TPAADASU	   is	   a	   commercial	   breeding	   line	   and	  may	   be	   obtained	   for	   non-­‐commercial	   research	  purposes	  from	  the	  originator:	  Nunhems	  BV.	  	  
High	  throughput	  seed	  DNA	  extraction	  Per	  mutant	  line,	  10	  seeds	  were	  pooled	  in	  a	  Micronic®	  deepwell	  tube;	  (www.micronic.com)	  from	  a	  96	  deep-­‐well	  plate,	  2	  stainless	  balls	  were	  added	  to	  each	  tube.	  The	  tubes	  and	  seeds	  were	  frozen	  in	   liquid	   nitrogen	   for	   1	   minute	   and	   seeds	   were	   immediately	   ground	   to	   a	   fine	   powder	   in	   a	  Deepwell	  shaker	  (Vaskon	  96	  grinder,	  Belgium;	  www.vaskon.com)	  for	  2	  minutes	  at	  16,8	  Hz	  (80%	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  of	  the	  maximum	  speed).	  300	  µl	  Agowa®	  Lysis	  buffer	  P	  from	  the	  AGOWA®	  Plant	  DNA	  Isolation	  Kit	  (www.agowa.de)	  was	  added	  to	  the	  sample	  plate	  and	  the	  powder	  was	  suspended	  in	  solution	  by	  shaking	  1	  minute	  at	  16,8	  Hz	  	  in	  the	  Deepwell	  shaker.	  Plates	  were	  centrifuged	  for	  10	  minutes	  at	  4000	  rpm.	  75	  µl	  of	   the	  supernatant	  was	  pipetted	  out	   to	  a	  96	  Kingfisher	  plate	  using	  a	   Janus	  MDT®	   (Perkin	   Elmer,	   USA;	   www.perkinelmer.com)	   platform	   (96	   head).	   The	   following	   steps	  were	   performed	   using	   a	   Perkin	   Elmer	   Janus®	   liquid	   handler	   robot	   and	   a	   96	   Kingfisher®	  (Thermo	   labsystems,	   Finland;	   www.thermo.com).	   The	   supernatant	   containing	   the	   DNA	   was	  diluted	  with	  binding	  buffer	   (150	  µl)	   and	  magnetic	  beads	   (20	  µl).	  Once	  DNA	  was	  bound	   to	   the	  beads,	  two	  successive	  washing	  steps	  were	  carried	  out	  (Wash	  buffer	  1:	  Agowa	  wash	  buffer	  1	  1/3,	  ethanol	   1/3,	   isopropanol	   1/3;	   Wash	   buffer	   2:	   70%	   ethanol,	   30%	   Agowa	   wash	   buffer	   2)	   and	  finally	  eluted	  in	  elution	  buffer	  (100	  µl	  MQ,	  0,025µl	  Tween).	  	  Grinding	  ten	  S.	  lycopersicum	  seeds	  produced	  enough	  DNA	  to	  saturate	  the	  magnetic	  beads,	   thus	  highly	   homogenous	   and	   comparable	   DNA	   concentrations	   of	   all	   samples	   were	   obtained.	  Comparing	   with	   lambda	   DNA	   references,	   a	   concentration	   of	   30	   ng/µl	   for	   each	   sample	   was	  estimated.	  Two	  times	  diluted	  DNA	  was	  4	  fold	  flat	  pooled.	  2	  µl	  pooled	  DNA	  was	  used	  in	  multiplex	  PCRs	  for	  mutation	  detection	  analysis.	  	  
Fragments	  of	  interest	  	  PCR	   fragments	   known	   to	   contain	   SNP’s	   between	   S.	   lycopersicum	   and	   S.	   pimpenellifolium	   were	  used	  to	  set	  up	  the	  CSCE	  mutation	  detection	  platform.	  Six	  COSII	  markers	  from	  the	  Tomato-­‐EXPEN	  2000	  v52	  map	  were	  chosen	  from	  the	  SOL	  Genomics	  Network	  (SGN)	  website	  because	  containing	  polymorphism	  between	  S.	  lycopersicum	  and	  S.	  pimpenellifolium:	  C2_At4g11570	  (chromosome	  8);	  C2_At5g63840	  (chromosome	  4);	  C2_At3g11710	  (chromosome	  6);	  C2_At1g03150	  (chromosome	  6);	  C2_At1g09340	  (chromosome	  6))	  and	  C2_At4g24690	  (chromosome	  6).	  A	  RFLP	  marker	  from	  the	  same	  map	  was	  also	  selected	  from	  the	  SGN	  database:	  TG581	  (SGN-­‐M84).	  New	  primers	  were	  designed	   to	   target	   a	   shorter	   fragment	   than	   the	   RFLP	   marker,	   their	   sequences	   are	   as	   follow:	  forward	   primer	   CGGTAATCCGTTCAACGTCC;	   reverse	   primer	   TTGGTCTTTAAAACATGGCGC.	   In	  addition	   to	   this	   set	   of	   markers,	   part	   of	   the	   Expansin1	   gene	   was	   used	   for	   the	   set-­‐up	   of	   the	  polymorphism	   screening	   methods	   and	   for	   the	   mutation	   frequency	   estimation.	   These	   seven	  fragments	   were	   divided	   in	   3	   multiplex	   groups.	   The	   first	   group	   contains:	   	   C2_At4g11570	   and	  C2_At5g63840.	  The	  second	  group	  is	  composed	  of:	  C2_At1g03150	  and	  C2_At4g24690.	  In	  the	  last	  group:	  C2_At1g09340,	  C2_At3g11710	  and	  the	  Expansin1	  fragment.	  For	  each	  of	  the	  fragments,	  the	  forward	   primers	   were	   ordered	   with	   5’	   fluorescent	   labels:	   6FAM™	   for	   C2_At4g11570	   and	  C2_At1g03150;	   VIC®	   for	   C2_At5g63840	   and	   C2_At4g24690;	   NED™	   for:	   _At1g09340,	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  C2_At3g11710	  and	  Expansin1	  (Table	  3).	  Primers	  for	  the	  SGN	  COSII	  markers	  can	  be	  found	  on	  the	  SGN	  website	  (http://www.sgn.cornell.edu/search/direct_search.pl?search=markers).	  	  Multiplex	  PCR	  conditions	  were	  as	  follows	  for	  all	  the	  CSCE	  screens:	  94ºC,	  3	  minutes;	  35	  cycles	  for	  the	  following	  steps:	  94ºC,	  5	  seconds;	  55ºC,	  30	  seconds;	  72ºC,	  90	  seconds	  and	  a	  final	  10	  minutes	  at	   72ºC.	   PCR	   conditions	   for	   HRM	   screens	   are	   described	   in	   the	   High	   Resolution	   Melt	   curve	  analysis	  part.	  	  Following	  set	  up	  of	  the	  platforms,	   four	  target	  genes	  were	  screened	  using	  one	  of	  the	  developed	  techniques.	   PCRs	   were	   conducted	   in	   one	   or	   several	   regions	   of	   each	   gene	   using	   the	   primers	  described	  in	  Table	  3.	  	  	  
Table	  3.	  Target	  genes	  and	  associated	  primer	  sequences.	  
Gene  
Product 
size  Primer sequences   
Region       Forward primers (5' - 3') Reverse Primers (5' - 3') 
Auxin Response Factor 7     
ARF7_1  307 bp  AATTCAGAGTTATGGCACGCTTG TCGAGAACTCCCAGCCAATATGTG 
ARF7_2  418 bp  CCTCCTCCCATAAGTTGTATGAAAC ACAGTGTTACCCCATTAGTAGTTCC 
ARF7_3  469 bp  TCCTTGCTGCTGCTGCTCATGC GCAGGAAGGGCTGTACTATGACCAC 
            
Expansin 1      
Exp_1  307 bp  TACAGCCAAGGATACGGAGTT ATGGGATCCTGCGATAAGTT 
            
Phytoene Synthase     
PSY-1  220 bp  CATGGAATCAGTCCGGGAGGGA CTTCACCAAGGCTGCCTGCC 
PSY-2  366 bp  TCCTCCCTTTTTCTCCACTTCAAGC AAGCCCTCAGCAAAAGTGACATCA 
PSY-3  368 bp  
TTCAATAGCGTAATTGTCTAACCTTCC
A ACCGGATAACCGAAGAGCTCA 
            
Proline Dehydrogenase 2     
ProDH_1  403 bp  GTGGAACATGCCACCGATAATGAATC TCAATTGCAGGTTGAATGGTTGTG 
ProDH_2  301 bp  AAAGATGATCAGCCTTTGATATTCGG CCTGATTCAATGTTATGAGTGGCGAG 
ProDH_3  234 bp  AAAACTTGCTGCAACCAAAGCTATAG TGTCGAATGCCGATGTAGACAGCATG 
            
Sucrose Synthase 2     
Sus2-1  463 bp  
TTTTCTGTGGAGTGAGGATTGTAGCTA
A 
GATAAGAGGAAAAACACCACAGACCTG
C 
Sus2-2  449 bp  TCGTGTGAAGAATTTAACCGGACTTGT TTGCATTTCAAAGAAATCAGCTAGCA 
ARF7:	  Auxin	  Response	  factor	  7,	  GenBank:	  EF121545.1;	  Exp_1:	  Expansin	  1,	  GenBank:	  U82123.1;	  PSY:	  Phytoene	  Synthase	  GenBank:	  EF157834.1;	  ProDH:	  Proline	  Dehydrogenase,	  TC172100;	  Sus2;	  Sucrose	  Synthase	  2,	  GenBank:	  AJ011535.	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Screening	  platforms	  
A.	  Conformation	  Sensitive	  Capillary	  Electrophoresis	  (CSCE)	  Multiplex	  PCR	  reactions	  were	  performed	  in	  10	  µl	  volume	  with	  0.15	  ng,	  4	  times	  pooled	  genomic	  DNA.	   Labeled	  primers	  were	   added	   to	   the	  PCR	  mastermix	   to	   a	   concentration	  5	   times	   lower	   (1	  µM)	   than	   that	   of	   the	   unlabeled	   primers.	   Post	   PCR,	   samples	  were	   diluted	   10	   times.	   Before	   the	  CSCE	  run,	  2	  µl	  of	  the	  diluted	  products	  were	  added	  to	  38	  µl	  of	  MQ	  water.	  The	   samples	   were	   loaded	   on	   50	   cm	   capillaries	   (injection	   time	   and	   voltage:	   16	   seconds,	   10	  KVolts;	   Run	   voltage:	   15KVolts)	   from	   the	   ABI	   3130xl	   (Applied	   Biosystems,	   USA,	  www.appliedbiosystems.com)	   apparatus	   filled	   with	   semi-­‐denaturating	   polymers	   of	   the	  following	  composition:	  5	  g	  Conformation	  Analysis	  Polymer	  (CAP)	  (Applied	  Biosystems,	  434037,	  9%),	  2,16	  g	  Ureum,	  0,45	  g	  20xTTE	  (national	  diagnostics,	  EC-­‐871),	  completed	  with	  MQ	  water	  up	  to	   9	   g.	   The	   running	   buffer	   was	   prepared	   with	   1x	   diluted	   TTE	   and	   10%	   glycerol.	   The	   oven	  temperature	  was	  set	  to	  18ºC.	  (Davies	  et	  al.,	  2006)	  Raw	   data	   were	   analysed	   with	   the	   HeteroDuplex	   Analysis	   (HDA)	   software	   from	   BioNumerics	  (Applied-­‐maths,	   Belgium,	  www.applied-­‐maths.com),	   The	   program	  differentiates	   peak	   patterns	  of	   hetero-­‐duplexes	   (mutant)	   and	   homo-­‐duplex	   molecules	   (wild	   type)	   thus	   providing	   the	  possibility	  of	  selecting	  DNA-­‐pools	  containing	  an	  individual	  line	  mutated	  in	  the	  target	  gene.	  	  
B.	  High	  Resolution	  Melt	  curve	  analysis	  (HRM)	  The	   LCgreen	   PCRs	  were	   performed	   on	   8x	   flat	   pools	   in	   FramStar	   96-­‐wells	   plates	   (4titude,	   UK,	  www.4ti.co.uk)	   with	   the	   following	   conditions:	   94	   ºC,	   2	   minutes;	   40	   cycles,	   94	   ºC,	   5	   seconds;	  fragment	  dependent	  Tm,	  10	  seconds;	  72	  ºC,	  10	  seconds;	  a	  denaturation	  step	  of	  30	  seconds	  at	  94	  ºC	  and	  renaturation	  by	  cooling	  to	  30	  ºC.	  2µl	  (15	  ng)	  of	  pooled	  DNA	  was	  mixed	  with	  2µl	  of	  F-­‐524	  Phire™	  5x	  reaction	  buffer	  (FINNZYMES,	  Finland,	  www.finnzymes.fi),	  0.1µl	  Phire™	  Hot	  Start	  DNA	  Polymerase	   (FINNZYMES,	   Finland),	   1µl	   LCGreen™	   Plus+	   (BioChem,	   USA),	   0.25µl	   of	   5mM	  primers,	  and	  completed	  to	  10µl	  with	  MQ	  water)	  according	   to	  manufacturer	  recommendations.	  Pools	   containing	   a	  mutation	  were	   screened	   using	   a	   LightScanner®	   System	   (Idaho	   Technology	  Inc.,	   USA,	   www.idahotech.com).	   Positive	   pools	   were	   selected	   by	   analyzing	   the	   melting	  temperature	   profiles;	   when	   the	   pool	   contains	   a	   mutation	   it	   will	   show	   a	   lower	   melting	  temperature.	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Abstract 
 
In tomato, carotenoids are important with regard to major breeding traits such as fruit colour and 
human health. The enzyme phytoene synthase (Psy1) directs metabolic flux towards carotenoid 
synthesis. Through TILLING we have identified two point mutations in the Psy1 gene. The first 
mutation is a knockout allele (W180*) and the second mutation is an amino acid substitution (P192L). 
Plants carrying the Psy1 knockout allele show fruits with a yellow flesh colour similar to the “r” 
mutant, with no further change in colour during ripening. In the line with P192L substitution, fruits 
remain yellow until 3 days post breaker and eventually turn red. Metabolite profiling verified the 
absence of carotenoids in the W180* line and thereby confirms that PSY1 is the only enzyme 
introducing substrate into the carotenoid pathway in ripening fruits. More subtle effects on carotenoid 
accumulation were observed in the P192L line with a delay in lycopene and β-carotene accumulation 
clearly linked to a very slow synthesis of phytoene. The observation of lutein rate of degradation along 
ripening in both lines showed that lutein and its precursors are still synthesised in ripening fruits. Gene 
expression analysis of key genes involved in carotenoid biosynthesis revealed that expression levels of 
genes in the pathway are not feedback regulated by low levels or absence of carotenoid compounds. 
Furthermore, protein secondary structure modelling indicated that the P192L mutation affects PSY1 
activity through misfolding leading to the low phytoene accumulation.  
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Introduction 
 
Tomato fruits are characterised by their red colour. Customer awareness is increasing that the red 
colour is associated with promoting human health (Fraser et al., 2009). Recent studies have shown the 
health promoting role of tomato consumption to prevent various cancers, cardio-vascular diseases and 
blindness. These properties are attributable to a limited set of compounds such as flavonoids, 
phenylpropanoids, vitamin C, vitamin E and carotenoids. (Friishansen and Mccullough, 1962; Fraser 
et al., 2005; Rao and Rao, 2007; Ried and Fakler, 2010). Carotenoids are part of the isoprenoid family 
and the carotenoid pathway starts from the transformation of GGDP to phytoene through the action of 
the enzyme Phytoene Synthase (PSY). The pathway (Figure 1) consists of a cascade of enzymatic 
reactions taking place in plastids. Most of the reactions occur in chloroplasts where they play a key 
role in the photosynthetic machinery (Niyogi, 1999). Therefore, most carotenoids are present in leaves 
and green fruits. Development of tomato fruits is characterized by the transition from green to 
coloured tissues. This change in colour is coupled to the development of chromoplasts during fruit 
ripening. During chloroplast-chromoplast transition, a different set of genes in the carotenoid 
biosynthesis pathway is activated. PSY1, which is chromoplast specific, takes over the enzymatic role 
of PSY2 in the green tissue.  
 
Figure 1: Overview of the carotenoid pathway. Highlighted in 
bold are the genes upregulated in chromoplast containing tissues. 
DXS, 1-deoxy-D-xylulose-5-phosphate synthase; PSY, phytoene 
synthase; PDS, phytoene desaturase; ZDS, ζ-carotene desaturase; 
LCY-B, lycopene β-cyclase; CYC-B, β-lycopene cyclase; CRTR-B, 
β-carotene hydroxylase; VDE, violaxanthin desaturase; ZEP, 
zeaxanthin de-epoxidase; NXS, neoxantin synthase; LCY-E, ε-
lycopene cyclase.  
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Studying natural colour variation has allowed the discovery of genes involved in the carotenoid 
pathway through map based cloning. This strategy led to the identification of a knockout allele of the 
Psy1 gene called the r mutant and displays a characteristic yellow flesh phenotype that was first 
reported by Ray et al (1992) and Fray et al. (1993). In the r mutant, the suppression of PSY1 activity is 
sufficient to stop the accumulation and synthesis of phytoene and also of the downstream compounds 
of the carotenoid pathway. 
To increase diversity in their available germplasm collection, plant breeders and researchers augment 
their material using mutant populations. Among the mutagen treatments available, the most commonly 
used is Ethyl Methane-Sulfonate (EMS). EMS primarily introduces single G to A or C to T point 
mutations randomly through genomes. After mutagen treatment, the population is phenotyped to 
identify lines with changed characteristics for the trait of interest. In this way, only lines with visible 
phenotypes were picked from the screening. McCallum et al (2000c) introduced TILLING (Targeting 
Induced Local Lesions IN Genomes) as a high-throughput method for the identification of point 
mutations in candidate genes. TILLING makes use of mutant populations without requiring 
phenotypic data and directs the user to single mutant families carrying mutations in their gene of 
interest. Allelic series ranging from silent mutations to knockout alleles can be identified for each 
candidate gene.  
In this study, two EMS induced mutations in the Psy1 gene were isolated through TILLING with High 
Resolution Melting (HRM) screening the tomato EMS mutated M2 TPAADASU population, 
previously introduced in (This thesis, Chapter 2). These point mutations introduced a STOP codon and 
an amino acid substitution in the Psy1 coding sequence. This paper describes the characterisation of 
these two mutant lines. 
 
Results 
 
Identification of Psy1 mutants 
The TPAADASU M2 population was screened for point mutations in the phytoene synthase 1 (Psy1) 
gene. Using HRM based screening, 8 point mutations were identified within the target gene; T68I, 
R73Q, W180*, P192L and four mutations in introns (This thesis, Chapter 2). In the present study we 
focus on two of the identified mutant lines. These two mutations were identified in exon 3 of the Psy1 
genomic sequence (Figure 2A). The two lines were selected for further phenotyping experiments, as 
they were predicted to contain non-tolerated mutations using the SIFT online software designed for 
prediction of amino acid substitution effects on protein activity (Ng and Henikoff, 2003). Line 1804 
was shown to carry a C to T mutation leading to a Proline (Pro) to Leucine (Leu) amino acid 
substitution in position 192 of the PSY1 protein sequence (P192L). In line 5381 the EMS mutagenesis 
treatment induced a G to A transition at position 180 of the protein sequence leading to a premature 
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STOP codon in the first half of the coding sequence (W180*). The PSY1 protein produced in line 
W180* is truncated to a 179 amino acid chain instead of the 412 amino acid long protein synthesized 
in wild-type tomato plants (Figure 2B). 
In addition to the identified mutation, EMS mutated plants carry a large number of background 
mutations. To make sure that the observed phenotype is due to the targeted mutation, plants carrying 
the mutation are analysed in comparison with sibling plants of the same line and therefore having most 
of the same background mutations but not carrying the mutation of interest. In the present study five 
plants homozygous for the mutation were grown along with five plants not carrying the mutation in 
Psy1 but belonging to the same EMS mutant line. Consistent observation of the same phenotype in the 
five repetitions was taken as confirmation that the phenotype is due to the identified mutation and not 
to the background mutations. In addition, to eliminate ambiguities it is preferable to have at least one 
other mutant line for the same target gene in order to check for a similar phenotype in a different 
mutant background as was also suggested by (Ostergaard and Yanofsky, 2004). In the case of the Psy1 
mutants, a natural null mutant allele has been identified and described as the yellow flesh mutant r, 
giving a clear indication of the expected phenotype (Fray and Grierson, 1993).  
The PSY1 protein sequence contains two important functional domains. Firstly, the chloroplastic 
transit peptide, starting from the first amino acid to Valine61, that is essential for protein targeting to 
the plastid compartment (Giorio et al., 2008). Secondly, the region, from Aspartate122 to Lysine389, that 
was suggested to be a trans-Isoprenyl diphosphate synthase (Trans-IPP-HH) domain (Marchler-Bauer 
et al., 2009). Both mutations identified in this study fall into this second domain (Figure 2B).  
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Figure 2: Graphical representation of mutation positions in the Psy1 gene and wild type and mutant 
proteins sequence alignment. (A) PARESNP representation (Taylor and Greene, 2003) of the Psy1 gene based 
on genomic sequence. Mutations are positioned in the 3rd exon. Mutation inducing the W180* is represented 
with a red arrowhead and mutation P192L by a black arrowhead. (B) ClustalW protein alignment of the wild 
type and the two mutant proteins. Mutation positions are highlighted in yellow. Highlighted in green is the 
TARGETP predicted Chloroplastic Transit Peptide (Giorio et al., 2008). Highlighted in grey, the 
Trans_IPPS_HH Conserved Domain (trans-Isoprenyl Diphosphate Synthases) identified with NCBI CDD tool. 
 
Mutant lines phenotypes 
Homozygote plants for each Psy1 mutation were grown in the greenhouse together with their siblings 
without the Psy1 mutations as controls.  During fruit development all non-mutant lines had fruits 
turning from green to orange to red, following a normal developmental and maturing process from the 
mature green to Breaker+3 days (turning) and Breaker+7 days (ripe) stages, respectively.  
In the mutant line carrying the W180* mutation, fruits turned yellow and reached a deeper yellow 
colour at the ripe stage (Figure 3). This phenotype is similar to the one described for the r mutant 
confirming the sequence based hypothesis of loss of function of Psy1 in this line. 
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In the line carrying the P192L mutation, the fruit colour at Breaker+3 days stage, remained dark 
yellow before eventually turning red at the ripe stage (Figure 3). At breaker stage, where the fruit of 
the control plants turn orange, the mutant fruit remains yellow in colour, indicating an effect on the 
enzyme activity as predicted by SIFT. This mutated allele does not cause a loss of function, as fruit 
turns red at ripe stage showing that lycopene is produced and therefore its precursors as well. 
 
 
Figure 3: Control and mutant fruit phenotypes at from left to right, Mature Green, Breaker+3 days stage 
and Breaker+7 days stage ripening stages. Control fruits are coming from the same line as the mutant ones 
and thus share background mutations but do not carry a mutation in Psy1. (A) Whole and open control fruits 
from line 1804. (B) Whole and open control fruits from line 5381. (C) Whole and open fruits from line 1804 
carrying the PSY1 P192L amino acid substitution. (D) Whole and open fruits from line 5381 carrying the PSY1 
W180* point mutation resulting in a Psy1 knockout allele.  
 
Carotenoid profiling 
To further investigate the colour phenotypes, flesh samples from all fruits were analysed for 
carotenoid content using HPLC, as described in Material & Methods (Figure 4). Four metabolites 
were measured: phytoene the direct PSY product; lycopene, the main compound responsible for the 
red colour of tomato fruits; β-carotene and lutein.  
In the Psy1 non-mutated lines, all measured compounds accumulated upon ripening, except for lutein, 
the level of which was highest in mature green fruit and decreased as ripening progresses. In line 
W180*, none of the measured carotenoids were detectable with the exception of lutein. This data 
supports the hypothesis that the EMS point mutation completely inactivated the PSY1 protein.  
In line P192L, phytoene, lycopene and β-carotene accumulated to much lower levels than in the 
controls both at Breaker+3 days and Breaker+7 days stages, while their starting levels in mature green 
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fruits were comparable. Phytoene was not detectable in mutant fruit until the ripe stage and at that 
time point, its concentration was over seven-fold lower than in Breaker+7 days control fruit. Lycopene 
levels were over five-fold less than in the mutant compared to control fruit three days after breaker 
stage, however, increased as ripening progressed, reaching final levels two times lower than control 
fruits at ripe stage. Similarly, β-carotene accumulated in the mutant fruits at a lesser rate than in 
controls. Mutant ripe fruits (Breaker+7 days) contained approximately 50% of the β-carotene levels 
detected in the controls. 
At mature green stage, lutein levels were comparable in all lines. At later stages of ripening, lutein 
degradation occurred more rapidly in mutant lines than in controls. The most dramatic decrease in 
lutein content was observed in the line carrying the W180* mutation as it showed a significantly lower 
concentration during the whole ripening process (Student’s t-test, P<0.05). Interestingly in line P192L, 
the decrease in lutein content was only significantly different from control at three days after Breaker 
stage while in ripe fruits lutein levels were comparable. This suggests that lutein is still produced 
through the carotenoid pathway in ripening fruits as it is in green tissues.  
 
Figure 4: HPLC Carotenoid profiling of control lines, line 1804 carrying the P192L substitution and line 
5381 carrying the W180* mutation in Psy1. Carotenoids were measured from fruits at three developmental 
and ripening stages: Mature green, Breaker stage +3 days and Breaker stage+7 days. (A) Fruit phytoene content 
expressed as area under the phytoene curve. (B) Fruit lycopene content expressed in µg of lycopene per mg of 
fruit fresh weight. (C) Fruit β-carotene content expressed in µg of lycopene per mg of fruit fresh weight. (D) 
Fruit lutein content expressed in µg of lycopene per mg of fruit fresh weight. Significant difference (t-test) in 
compound content in mutant lines compared to controls are represented with one or more asterix with the 
following levels of significance: * (Student’s t-test P<0.05); ** (Student’s t-test P<0.01); *** (Student’s t-test 
P<0.001). 
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Carotenoid pathway related gene expression analysis 
Genes involved in the carotenoid pathway were analysed for their expression levels to assess if one or 
both mutations lead to a modulation of the biosynthesis pathway. Eleven genes involved in both 
chloroplast and chromoplast specific carotenoid metabolism were analysed for their expression 
profiles at the three ripening stages Mature Green, three days, and 7 days after Breaker stage. 
Although we detected a large variation between mutant and control lines in the accumulation of 
carotenoids, we did not observe, apart for Psy1, any difference in expression levels for the genes 
involved in the turnover of these compounds (Figure 5). In line W180*, Psy1 is significantly 
(Student’s t-test, P<0.05) less expressed in fruits at 3 and 7 days post Breaker stage.  
 
PSY1 wild type and P192L mutant alleles secondary structure modelling 
In order to visualize the effect of the P192L mutation on PSY1 structure and in the absence of 3D 
model, we analysed Wild type and mutant P192L alleles with the GOR4 secondary structure 
prediction tool from the PBL Network Protein Sequence Analysis. A short additional α-helix is 
predicted to form at the mutation position around the centre of the amino acid chain (Figure 6). Even 
though the modification does not have a major influence on the protein structure, its position may 
result in differential enzyme activity occurring in the PSY1 P192L mutant protein. Additionally as a 
phenotype is observed due to the Proline to Leucine substitution that is linked to protein secondary 
structure affect, it is possible that PSY1 active site is located in the proximity of the mutation.  
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Figure 5: Quantitative PCR based expression analysis of genes involved in carotenoid biosynthesis along 
ripening in control and mutant lines. Eleven genes selected for their role in the tomato carotenoid pathway 
(Figure 1) were studied at three ripening stages, Mature Green (MG), Breaker stage +3 days (B+3) and Breaker 
stage +7 days (B+7) to follow their expression levels in the two mutant lines (W180* and P192L) and in their 
respective controls. For each ripening and for each mutant line and non-mutant sibling five biological repeats 
were sampled and analysed for gene expression.  Relative expression is plotted as ΔCt values, obtained as 
follow: (Ct value of target gene) - (Ct value of Actin), to correct for differential cDNA concentration between 
samples. ΔCt values of the two control lines were averaged and on the graph. Statistical calculations were 
performed with both individual and averaged control values. Errors bars represent the variation between 
biological replicas. For all genes, significant difference (t-test) in relative expression in mutant lines compared to 
controls was calculated for all lines and ripening stages. Only in line W180*, Psy1 expression was significantly 
(Student’s t-test P<0.05) lower than control at B+3 and B+7 ripening stages.  
 
Figure 6: PSY wt and P192L mutant proteins secondary structure prediction using PBIL GOR4 tool. (A) 
Secondary structure prediction of the PSY1 wild-type protein. (B) Secondary structure prediction of the PSY1 
P192L mutant protein. At the mutation position an additional alpha helix is predicted to form (black arrowhead).  
 
50	   Chapter	  3	  –	  Psy1	  	  
Discussion 
 
Carotenoid regulation in the mutant lines 
In the knockout line of the Psy1 gene there is no carotenoid accumulation in ripening fruits confirming 
the absence of an alternative route for the formation of carotenoids during ripening. The lack of 
phytoene results in an absence of lycopene and β-carotene. However, in the line carrying the mutation 
at residue 192 resulting in a proline to leucine substitution (P192L) all phytoene produced in the first 
days after breaker is converted into lycopene and downstream products. The low, but detectable 
increase in carotenoid formation in P192L strongly suggests that PSY1 enzymatic activity is affected 
by the amino acid substitution. Indeed, phytoene is barely detectable during the whole ripening 
process. At 3 days post Breaker stage, lycopene is produced at very low quantities resulting in a 
yellow instead of orange coloured fruit. Four days later, lycopene content increases to reach half the 
level of control fruits. Seven days after Breaker stage lycopene accumulation is sufficient to give a red 
colour to the fruit however the intensity is weaker than in the control fruit. The yellow fruit colour 
observed in P192L Breaker+3 days fruits and in all ripening fruits from line W180* may be due to the 
accumulation of the flavonoid naringenin chalcone and of lutein (Adato et al., 2009; Ballester et al., 
2010). In control fruits the orange colour of Breaker+3 days fruits is due to the accumulation of both 
naringenin chalcone and lycopene and in later ripening stages, the accumulation of lycopene that turns 
the fruits deep red.  
 
As P192L fruits ripen, enzymes LCY-B, LCY-E and CYC-B controlling the branched pathways to the 
downstream carotenoids, are the rate-limiting enzymatic steps and thus lycopene does accumulate in 
this line giving it the red colour to the fruits however at a substantially slower rate. These observations 
together with the absence of any carotenoid in line W180* confirm PSY1 as the enzyme responsible 
for directing products into the carotenoid pathway thus being the most influential step in this pathway 
as was suggested by (Fraser et al., 2002). 
Lutein content decreased during ripening in both mutant and control lines. Therefore the Lutein pool is 
synthesized prior to ripening, at green stage, through the carotenoid chloroplast specific pathway 
starting with PSY2 activity (Figure 1) (Ronen et al., 2000). Measurement of lutein and steady state 
presence in ripening fruit is additional evidence regarding the existence of two overlapping pathways. 
In both mutant lines the decrease in lutein content was accentuated. In the line carrying the P192L 
substitution a significantly lower lutein content was only observed at breaker+3 days stage. In the 
W180* line, lutein concentration was significantly lower at all ripening stages. These observations 
suggest that lutein was synthesized in ripening fruit. From the expression dataset we observe in all 
lines that the gene, specific to branching from Lycopene towards the xanthophyll pathway, Lcy-e is 
strongly down regulated during the ripening process. Nevertheless, observation of a slower 
degradation of the lutein pool in the control ripening fruits compared to the mutant lines suggest that 
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Lcy-e and additional genes necessary to lutein synthesis are still expressed in ripening, chromoplast 
containing tissues or that residual enzymes coded by these genes are still active at those stages. That 
these genes are expressed or that their corresponding translated proteins are still active is demonstrated 
by the difference observed between control and Psy1 knocked-out lines for lutein content in ripening 
fruits (Figure 4).  
Similarly to lutein, β-carotene is already present in mature green fruits. In line W180*, right after the 
ripening process is started, β-carotene is no longer detectable because no precursors for its synthesis 
are available in the Psy1 knockout line and it may also be that it is metabolised by the downstream 
enzymatic reactions of the carotenoid pathway. In line P192L β-carotene accumulates at a much later 
stage, Breaker+7 instead of breaker+3 in comparison to control plants. In this line the production of 
precursors such as phytoene and lycopene is barely sufficient to maintain β-carotene levels at 
Breaker+3 stage and, later on, to allow its slow accumulation.  
During ripening, a specific carotenoid pathway is activated through ripening specific genes (Ronen et 
al., 2000). At breaker stage Psy2, Lcy-e, Lcy-b and CrtR-b1 genes are shut down and another set of 
genes with overlapping roles, with the exception of genes allowing the branching to xanthophyll 
synthesis, are switched on including Psy1, Cyc-b, CrtR-b2. In addition, the burst of ethylene synthesis, 
initiating ripening events, plays a signalling role in activating several fruit ripening genes specific to 
carotenoid synthesis such as Dxs, Pds and Cyc-b (Alba et al., 2005).  These regulatory events modify 
the carotenoid accumulation profile in ripe fruits compared to green tissues as different compounds are 
then accumulated including phytoene, lycopene and β-carotene. In addition, even though they are still 
produced, fruits do not accumulate xanthophylls such as lutein because Lcy-e is down regulated.  
 
Decreased carotenoid content does not affect gene expression 
The complete inhibition of the carotenoid pathway does not appear to lead to increased expression of 
genes encoding for enzymes involved in carotenoid synthesis. We conclude that there is not likely to 
be a feedback regulation from either the quantity or quality of the synthesized metabolite products on 
the genes involved in this pathway. It is interesting to note that the regulatory system appears to fail to 
sense the absence of carotenoids while on the other hand it can detect an over-accumulation (Fraser et 
al., 2007; Giorio et al., 2007). In line with this, no differences in relative expression were observed for 
the genes involved in carotenoid biosynthesis in mutant 1804 as well as in the knockout line 5381. 
 
PSY1 Protein structure 
In Figure 2B the Trans-IPP-HH active domain identified with the NCBI CDD tool is highlighted in 
grey. This domain covers 268 amino acids. The P192L mutation and its linked decreased enzymatic 
activity might pinpoint a specific domain of importance such as the substrate binding site. The 
substitution was predicted as deleterious for enzyme activity using SIFT prediction software. SIFT 
does not account for active or conserved domains but bases its predictions on amino acid qualities 
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information and on the level of conservation of each amino acid in the sequence after an alignment 
search in protein sequence databases. The secondary structure of the PSY1 wild type and P192L 
mutant proteins was predicted using the GOR4 (Garnier et al., 1996) secondary structure prediction 
tool from the Pole Bioinformatique Lyonnais (PBIL, Lyon University, France). It is predicted that the 
protein secondary structure is affected by the mutation as a short α-helix is formed instead of a long 
coil joining two α-helixes (Figure 6). This structural modification could be the cause of the affected 
enzyme activity as it may disturb the spatial conformation of the protein. To understand further 
catalytic domains of the PSY1 enzyme a 3D structure of the protein would be required. With such a 
model amino acid substitutions and their influence on the protein spatial conformation could be 
visualized. In the case of the present P192L mutation such visualization tool together with 
experimental enzymatic activity assays would deepen our understanding of the PSY1 enzyme.  
 
Conclusion 
TILLING was proposed as a tool to discover new alleles for selected candidate genes (Comai and 
Henikoff, 2006; Barkley and Wang, 2008) with the claim that the discovered mutation would provide 
a range of effects to the gene function. This range could span from no effect, when a synonymous 
mutation occurs, to a knockout of the gene when a premature STOP codon is introduced. Between 
these extreme phenotypes, mild effects on enzyme activity can potentially be found depending on the 
quality of the induced amino acid substitutions.  
In this study we have characterised two TILLING mutants carrying an amino acid substitution and an 
early STOP codon, respectively. This work confirms that a range of effects on enzyme activity and 
consequently on plant biology can be obtained following a TILLING strategy. Indeed looking at fruit 
phenotypes and carotenoid profiling data the Psy1 W180* mutation proved to be a knockout allele of 
the Psy1 gene. Based on similar observations the P192L mutation is strongly suspected to affect PSY1 
activity. Analysis of the mutants provides important insights into the regulatory processes involved in 
the tomato fruit carotenoid pathway.  
The study of mutants carrying amino acid substitution affecting enzyme activity provides an 
opportunity to more subtly modify the phenotype and thus can envision to target genes important for 
development without killing the plant.  
In the context of plant breeding, a TILLING approach allows the creation of novel alleles that can be 
used in breeding programs bringing additional variation to traits of interest. The TILLING method is 
applicable to any trait as long as sequence information for the candidate genes is available. In the last 
decade tremendous efforts have been made to sequence plant genomes providing a wealth of sequence 
information in most of the major crop species. This data together with the rapidly growing knowledge 
in plant biology and plant defence mechanisms to diseases makes a TILLING approach even more 
sensible to breeders.  
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Materials & Methods 
 
TILLING 
Mutations were identified screening the TPAADASU EMS M2 mutant population for 3 PCR 
fragments with the TILLING protocol adapted for a HRM Lightscanner™ platform as described in 
this thesis, Chapter 2. The two mutant lines presented here were both identified in one of the three 
fragments amplified using the following primers: 5’-TCCTCCCTTTTTCTCCACTTCAAGC-3’ 
(forward) and 5’-AAGCCCTCAGCAAAAGTGACATCA-3’ (reverse). PCR were performed as 
follows on 4 fold genomic DNA pools and after positive pool selection on single family genomic 
DNA: 94°C, 2 minutes; 40 cycles, 94°C, 5 seconds; 68°C, 10 seconds; 72°C, 10 seconds; a 
denaturation step of 30 seconds at 94°C and renaturation by cooling down to 30°C.  
 
Plant Materials 
For each identified mutant line, 15 M3 seeds were grown under greenhouse conditions. Plantlets were 
genotyped for the previously identified mutations. All plants were self pollinated for seed production. 
Homozygote M4 plants were then grown in the greenhouse and for each line the two kinds of 
homozygous plants were grown; homozygote mutants and homozygote plants not carrying the by 
TILLING identified mutation. For each mutant line, 5 plants with the mutation and plants without the 
mutation were grown as biological repeats. For each plant, 3 fruits were harvested at three different 
ripening stages: Mature Green (MG), Breaker stage +3 days (Breaker+3) and Breaker stage +7 days 
(Breaker+7).  
For both carotenoid profiling and gene expression analysis experiments, samples from 5 biological 
repeat from the two mutant lines and their non-mutant siblings at the three ripening stages were 
analysed. 
 
Carotenoid extraction and HPLC measurements 
The flesh of all fruit samples described in the previous section was frozen and ground to powder. 
Carotenoids extraction and analysis were performed as described in (Bino et al., 2005).  
 
RNA extraction and gene expression measurements 
Total RNA was extracted from the same fruit samples as for the carotenoid extractions. The extraction 
procedure was performed using a standard TRIzol extraction method. Prior to DNase 1 (Invitrogen) 
treatment, all RNA samples were normalized to 100ng/µl in a 10µl reaction volume. cDNA synthesis 
was then performed using Bio-Rad iScript™ cDNA Synthesis kit in a 20µl reaction volume. 
Following cDNA synthesis, samples were 20-fold diluted. Quantitative Real-Time PCR (QRT-PCR) 
was performed on a Bio-Rad CFX96™ Real-Time System according to the manufacturer 
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recommendations. In addition to the reference gene, Actin, 11 genes involved in the carotenoid 
pathway were targeted with the primers listed in Table 1.  
For each target gene, relative expression was calculated as ΔCt values as follow: (Ct value of target 
gene) - (Ct value of Actin), to correct for differential total cDNA concentration between samples.  
 
Table 1. Quantitative PCR primer pairs 
Gene Name Forward Primer (5'->3') Reverse Primer (5'->3') Source 
Actin GAAATAGCATAAGATGGC ATACCCACCATCACACCA  
Psy1 TGACGTCTCAAATGGGACAAGT CCTCGATGAATCAAAAAAACGG (Giorio et al., 2007) 
Psy2 AGGCAAGGCTGGAAGATATTTTT GAAACAGTGTCGGATAAAGCTGC (Giorio et al., 2007) 
Pds TGGGTGGTTTGTCTACAGCAAA ATCCCTTGCCTCCAGCAGTA (Giorio et al., 2007) 
Zds CAATGGCTGGGTTACAGAGTTG CAATCCTGCAGCGCGC (Giorio et al., 2007) 
Lcy-b TGCTTATGGCATTTTGGCTG CGCCAATCCATGAAAACCA (Giorio et al., 2007) 
CrtR-b1 TGTTGGTGCTGCTGTAGGAATG AGTGAAGCATGCCACAGTGC (Giorio et al., 2007) 
Zep AAGGTTCCACAGAAGAAGTTGAAAG TGCCAAAGCAAACACTAACCC (Giorio et al., 2007) 
Cyc-B GGGTAATGAGCCATATTTAAGGG TAGGATCAAGATCAAAGAAAGCG (Ronen et al., 2000) 
Lcy-e GGCAGCCTCGGGGAAATTC CACACGGAAGAATGCGCGC (Ronen et al., 1999) 
Dxs GCGGAGCTATTTCACATGGT CTGCTGAGCATCCCAAT (Fraser et al., 2007) 
 
SIFT, PARSESNP and Protein secondary structure modelling analysis 
To predict whether a point mutation would have an effect at the protein level, the PSY1 amino acid 
sequence was analysed with SIFT (http://sift.jcvi.org/). Amino acid substitutions identified with 
TILLING were compared with SIFT output.  
To position the mutations on the genomic sequence, Psy1 sequence and mutation position were 
analysed with PARESNP (http://www.proweb.org/parsesnp/).  
Amino acid sequences of PSY1 proteins were submitted to the GOR4 secondary structure prediction 
tool from the Network Protein Sequence Analysis of the Pole Bioinformatique Lyonnais (http://npsa-
pbil.ibcp.fr).  
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Abstract 
 
Abiotic stress has a major impact on crop productivity. Of these stresses, salinity is one of the most 
important in terms of affected land area. Consequences for the plant are mostly characterised by 
reduced plant growth and yield, which is a result of both osmotic stress and ion toxicity. A key 
metabolic response of plants to salt stress is an increased level of proline. Proline acts as an osmo-
protectant as well as a stress-signalling molecule, resulting in protection against more severe damage. 
We describe the application of a TILLING strategy for the identification of point mutations in the 
tomato ProDH2 gene responsible for proline degradation. We argue, that knocking out the main 
proline degradation pathway could lead to an accumulation of cellular proline leading to prophylactic 
salt stress protection.  Eight of the mutant lines identified were characterised for their response to 
salinity stress in either hydroponics or in vitro system. Proline levels measurements and metabolite 
profiling were performed on plants under both control and stress conditions. No phenotypic 
differences could be observed between mutant and non-mutant tomato plants in either condition. 
Similarly proline did not accumulate significantly more in mutant lines compared to the non-mutants. 
Therefore we concluded that the amino acid substitutions identified in the TILLING screen did not 
lead to ProDH2 alleles with altered enzymatic function. Nevertheless, comparison of the metabolite 
profiling data between all plants growing in control condition versus all plants in salinity stress 
highlighted families of metabolites such as inositol, amino acids and lipids together with proline that 
showed a significantly increased accumulation under salinity stress conditions and thus revealed a 
potentially interesting target for genomic strategies aiming at developing plant material potentially 
more resilient to adverse environmental conditions.  
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Introduction 
 
Salinity is one of the major abiotic stresses affecting crop productivity through reduced plant growth. 
Almost one third of the total agricultural area, corresponding to around 380 millions hectares, are 
affected by salinity stress (Gale, 2003). Excessive salt accumulation in soils results from both natural 
and human causes. The primary cause of saline soils is due to geological, hydrological or pedological 
processes. Soils containing igneous rocks such as phenolytes, basalts or volcanic rocks are most 
susceptible to salinization. High soil evapotranspiration combined with low year round rainfalls is an 
important cause of salt accumulation in arid and semi-arid regions. In coastal areas the main source of 
salinity is the intrusion of seawater into the land through rivers or cyclones. Human activities are the 
second source of soil salinity, mainly through irrigation with poor quality water but also through 
deforestation, industrial activities, chemical pollution and overgrazing (Omami, 2005).  
 
Salinity affects plant growth through two main processes, osmotic stress and ion toxicity (Munns et 
al., 1995) In a first phase, plants growing in saline soils undergo osmotic stress that decreases their 
water uptake capacity. Ion toxicity occurs at a later stage, when the plant is no longer able to 
compartmentalise the excess of ions into the vacuole. Plants are able to sense adverse environmental 
conditions and to respond to them. The response mechanism is activated through a signal transduction 
cascade leading to the regulation of numerous genes and modifications of the plant metabolism.  
 
Proline is an amino acid commonly over-accumulated in plants under stress such as drought, salinity, 
heavy metals, oxidative stress, high light/UV irradiation and biotic stresses.  Under salinity stress, 
pleiotropic roles of proline have been demonstrated. It was shown to act as a molecular chaperone 
protecting protein integrity and enhancing some enzyme’s activity (Rajendrakumar et al., 1994; 
Sharma and Shanker Dubey, 2005; Mishra and Dubey, 2006). Proline acts as an antioxidant able to 
neutralize ROS (Smirnoff and Cumbes, 1989; Matysik et al., 2002). Proline participates in the 
Photosystem II protection from singlet oxygen and hydroxyl radicals (Alia et al., 1997). The increased 
synthesis of proline in chloroplasts during stress contributes to the maintenance of a low 
NADPH/NADP+ ratio that in turn helps to preserve a favourable environment to the photomachinery 
(Hare and Cress, 1997). Moreover proline is involved in the regulation of gene expression. In 
Arabidopsis, 21 proline-inducible genes were identified and most of them contained a PRE motif 
(Proline and hypo-osmolarity Responsive Element) in their promoter region (Oono et al., 2003; Satoh 
et al., 2004; Weltmeier et al., 2006).  
Proline is predominantly synthesised from the glutamate pathway (Figure 1) through the action of two 
enzymes: pyrroline-5-carboxylate synthetase (P5CS) and pyrroline-5-carboxylate reductase (P5CR) 
(Hu et al., 1992; Savoure et al., 1995; Hare and Cress, 1997). Proline biosynthesis occurs in the 
cytosol in normal conditions and when the plant is under stress proline is also synthesised in 
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chloroplasts where it contributes to maintain optimal conditions for the photosystems and 
photosynthesis (Hare and Cress, 1997). Proline degradation back into glutamate takes place in 
mitochondria where the two enzymes catabolizing proline, proline dehydrogenase (ProDH) and 
pyrroline-5-carboxylate dehydrogenase (P5CDH), are located (Deuschle et al., 2001). Under salinity 
stress, transduction signals, mediated by Phospholipase C and Calcium signalling through calmodulin 
that interacts with a Myb2 transcription factor to trigger P5CS expression and thus proline 
biosynthesis (Jae et al., 2005). In parallel, during dehydration, such as under salinity stress, ProDH 
transcription is repressed and thereby also contributing to proline accumulation.  
 
Proline plays a central role in the stress response mechanism and therefore its accumulation is a 
suitable target for improved stress tolerance in crop plants. Several successful attempts, based on the 
knowledge of proline biosynthesis and catabolism pathways, have already been reported. Over-
expression of the P5CS gene in potato led to increased levels of proline and as a consequence to 
higher salt tolerance with significantly higher yields under 100mM NaCl salt stress (Hmida-Sayari et 
al., 2005). Shutting down proline degradation in antisense ProDH Arabidopsis lines had a similar 
effect on proline accumulation and in turn gave higher tolerance to both salinity and cold stress (Nanjo 
et al., 1999).  
 
Figure 1. Proline biosynthesis pathway. Proline is mainly synthesised from glutamate through the pathway 
schematised here. Under normal conditions proline biosynthesis occurs in the cytosol (full arrows) and is 
catabolised back into glutamate into the mitochondria. Under stress, proline biosynthesis is relocated in 
chloroplasts (dashed arrows). During osmotic stress, P5CS expression is increased and ProDH expression level 
decreased as illustrated with the respective gene names’ green and red colouration. Abbreviations: pyrroline-5-
carboxylate synthetase (P5CS); pyrroline-5-carboxylate reductase (P5CR); proline dehydrogenase (ProDH); 
pyrroline-5-carboxylate dehydrogenase (P5CDH). 
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In tomato, as in a number of other plant species such as Arabidopsis and tobacco there are two ProDH 
homologues (Ribarits et al., 2007; Funck et al., 2010). Ribarits et al. (2007) have shown in tobacco 
that the two genes are involved in different mechanisms.  NtPDH2 is the only gene known to respond 
to dehydration stress, with a decreased gene expression to non detectable levels 1h after application of 
stress while NtPDH1 expression level remains unchanged. 
 
Here we report on the identification of EMS mutant lines carrying point mutations in the ProDH2 
gene of tomato. Mutants were identified following a TILLING approach. Lines carrying mutations 
predicted as deleterious were selected for phenotyping under salt stress conditions.  
 
Results 
 
Metabolite profiling of tomato plants under salinity stress.  
In order to reveal changes in metabolites in response to salinity, extracts from tomato leaves were 
subjected to GC-MS metabolite profiling. Samples were taken from leaves of plants grown in 150mM 
NaCl and control conditions (see Materials and Methods). For most identified metabolites, higher 
accumulations were found under salt stress conditions (Figure 2) Furthermore, amino acids, lipids and 
metabolites from the TCA cycle showed significantly higher accumulation in stressed plants compared 
to the controls. A limited number of metabolites showed lower accumulation under stress conditions 
and these compounds were sources for the synthesis of other metabolites such as glycolysis and TCA 
cycle compounds or amino acids (Figure 2). Among the metabolites strongly differentially 
accumulated under stress include inositol and proline. Their higher accumulation under salinity 
together with evidence from previously reported work (Yang et al., 2008) make of these compounds 
ideal candidate for a genomic approach aiming at increasing their levels in order to prepare the plant to 
adverse growth conditions. We targeted proline degradation using a TILLING approach as the 
catabolism pathways are relatively simple and well characterised (Figure 1).  
 
TILLING  
Two mutant populations were generated from the treatment of tomato seeds cultivar TPAADASU 
with 1% EMS as described (This thesis, Chapter 2). Using the High Resolution Melting analysis 
(HRM) based point mutation screening method, 4 regions of the ProDH2 gene were screened in the 
M2 and M3 TPAADASU EMS populations. Targeted regions were selected based on conservation 
and functionality. These characteristics were identified using the CODDLE program (Taylor et al., 
2003) and NCBI Conserved Domains Database tools. HRM TILLING screens gave rise to the 
identification of 22 mutations in ProDH2 coding regions (Figure 3). Translation of mutated ProDH2 
gene sequences to protein revealed 3 silent mutations and SIFT based prediction analysis of the effect 
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of each amino acid substitutions on the ProDH2 protein showed that 11 substitutions unlikely to 
impact on ProDH2 activity. However, 8 of the point mutations were predicted to interfere with normal 
enzyme activity. The 8 families predicted to carry deleterious ProDH2 alleles were selected for further 
phenotyping experiments. In these selected lines, the mutagen treatment induced the following amino 
acid substitutions in the PRODH2 protein sequence: Q88*, A91V, P185L, S229L, Q258R, D418N, 
Q427L, G453D. In addition, the line carrying the T372I mutation, predicted by SIFT as tolerated was 
included in the hydroponic system phenotyping experiment because that mutation is positioned close 
to conserved regions of the enzyme (Figure 3A, green boxes).  
 
Figure 2. Overview of the effect of salt stress on metabolite accumulation and metabolic pathways. This 
diagram positions GC-MS measured metabolites from the in vitro experiment in the frame of the metabolic 
pathways they belong to. To obtain this diagram, data from the line segregating for the A91V mutation were 
utilised and similar results were obtained when using the GC-MS data of the other mutant lines studied here. For 
each metabolite, 6 leaf samples from plants grown in salt condition were compared to the 6 samples from plants 
grown in control condition. The compounds highlighted in red are significantly more accumulated in salt 
conditions and compounds highlighted in green are less. The darker the coloration the more the compound level 
in the sample is increased or decreased accordingly. Metabolites in grey boxes were not affected by salinity 
stress and thus were not found to have significant different accumulation between conditions. All metabolites in 
white boxes were not measured in this experiment.  
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Among the 9 mutant families, only the M2 family #4860 carried a STOP codon for the target gene at 
the beginning of the amino acid chain, in position 88. Unfortunately due to low seed production and 
non-successful germination, the phenotyping of that mutant could not be carried out.  
Figure 3. Mutation positions in the ProDH2 gene. All point mutation positions on the cDNA sequence were 
submitted to PARSESNP. On top of the figure, mutations are mapped on ProDH2 cDNA sequence as 
arrowheads. The red arrowhead represents the position of the mutation leading to a STOP codon and black 
arrowheads position the other mutations identified with the TILLING screens. In the table at the bottom of the 
figure polymorphism positions on the cDNA sequence are summarised, position and type of amino acid 
substitution, restriction site lost and gained from reference sequence and the SIFT score for the mutations 
positioned in putative active domains schematized as green boxes in the diagram above.  
 
In view of the phenotyping assay, mutant plants for the ProDH2 gene were grown to increase seed 
stock. As mutation scanning was done in two steps, first in the M3 population and second in the M2 
population, ProDH2 mutant plants were also grown in two steps: M3 seeds were grown in 2008 and 
M2 seeds in 2009.  
 
Phenotyping experiments 
In a pilot experiment mutant families identified in the M3 mutant population as carrying an amino acid 
substitution in ProDH2 were phenotyped for their response to salt stress. Amino acid substitutions in 
the 3 mutant families were as follows: Q258R, T372I, D418N (Figure 3). Substitutions in positions 
258 and 372 were predicted as deleterious for ProDH2 function by SIFT and the other as tolerated. 
Following selection of homozygote mutants and non-mutants for each family, plants where grown in 
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hydroponic containers in medium with or without 200mM NaCl. Physiological traits such as plant 
aerial part growth, root length, and plant fresh and dry weight were measured. From each individual 
plant, proline content was quantified. Distinct differences were observed between control and salt 
treatments for the physiological traits (data not shown) and also significantly higher proline contents 
(Figure 4; Student’s t-test, P<0.05). These results confirmed the negative influence of salinity on plant 
growth and that proline is involved in the response mechanism from the plant to hostile environmental 
conditions such as salinity stress. In contrast, the comparison for physiological traits and proline 
content of the TILLING homozygote mutants with their siblings not carrying the mutant allele did 
unfortunately not allow the identification of a mutant family with improved growth related traits or 
increased proline content (Figure 4).  
 
Figure 4. Proline content in leaves from mutant 
and sibling non-mutant plants growing in 
hydroponic containers with or without salt. 
Proline was measured following a toluene-based 
extraction with a spectrophotometer. Sampling was 
performed from all plants at (A) two days after 
stress treatment with 200mM NaCl and at (B) 23 
days after treatment. No significant differences 
were identified within mutant families between 
mutant and non-mutant plants. Abbreviation used in 
the graphs: WT, Wild Type; C, Control condition; 
S, Salinity condition; Mut, Mutant; NMut, Non-
Mutant.  
 
 
 
 
 
 
Additional TILLING families carrying mutations in ProDH2 were identified in the TPAADASU M2 
mutant population. Only families carrying SIFT predicted deleterious alleles were selected for further 
investigation, as they were the most likely plants to show a phenotype. Five mutant families were 
selected since they potentially carried deleterious alleles (A91V, P185L, S229L, Q427L and G453D: 
Figure 3). In addition to the five mutant families with amino acid substitutions, one additional line 
from the M3 population, with the Q258R mutation was analysed. An in vitro assay was developed to 
provide higher resolution phenotyping. Root elongation is an accurate physiological parameter for 
response of seedlings to abiotic stresses such as salinity (Verslues et al., 2006). A combination of in 
vitro salinity stress with daily photographic records provides qualitative and quantitative 
measurements of plantlet root development in response to stress condition. We recorded root 
development through daily photographs over a 25 days period. Figure 5 shows a plantlet growing in in 
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vitro conditions on MS medium supplemented with 150mM NaCl. The Figure 5 only shows 
photographs from uneven days of the growing plantlets from day 1 to day 15. Day to day root growth 
evaluated using EZ-Rhizo software (Armengaud et al., 2009).  
 
Figure 5. Plantlet development in in vitro settings under 150mM NaCl salinity stress. All tomato plantlets 
from both control and salinity stressed conditions were photographed daily during 25 days in order to record 
their individual root development. Here are photographs from one plantlet under 150mM NaCl stress. Only 
pictures from uneven days are shown from day 1 to day 15. 
 
The five mutant families were all grown and assayed in two conditions, control condition and salinity 
stress conditions (150mM NaCl). The choice of salt treatment concentration is lower than the one 
utilised in the hydroponic experiment and for the in vitro setting was made following a pilot 
experiment with a range of NaCl concentrations ranging from 50mM to 300mM. The concentration of 
150mM was selected because it showed a strong effect on plantlet development but still allowed them 
to develop. Seeds originating from heterozygous plants were germinated on MS medium before 
transfer to either control or salt conditions. As these seeds segregate for the mutation of interest, over 
one hundred seeds were sown so that at least five homozygote plants with and five homozygote plants 
without the mutation of interest could be assayed under both salt stress and control conditions. Both 
DNA extraction and proline measurement were performed after 25 days of root development. Over the 
period of plant growth, distinct differences in root growth and branching degrees were observed in salt 
conditions (Figure 6A to G). In the control no obvious differences could be noticed for plants 
development. For all mutant and non-mutant families, salinity stress affected general plant 
development. Salinity slowed down root and aerial organ growth, only some plants developed lateral 
roots while in control conditions all plants had extended root systems (Figure 6H). This result 
indicates that 150 mM NaCl treatment stresses tomato plantlets, Furthermore, it also shows that not all 
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tested plants were responding equally when challenged with stress conditions. To investigate whether 
EMS induced mutations were associated with an increased tolerance of plants to salinity; genotyping 
of all plantlets was conducted.  
 
Mutant families genotyping 
All assayed plants grown in salt and control conditions were sampled and DNA was extracted from 
each of them. Primers used for the TILLING screen were used to amplify the specific fragment in 
which each point mutation was identified. PCR fragments were directly sequenced on an ABI 3730xl 
DNA analyser. Analysis of the chromatograms allowed the determination of zygosity for each plant at 
the point mutation location.  
After having matched the genotyping results with the photographic data, no correlation between root 
development and genotype could be made. Indeed, homozygote mutants were found to have well 
developed roots for some plants and poor developed root system for others. Similarly, homozygote 
plants not carrying mutations and heterozygote plants also showed no consistency for root 
development phenotypes. These observations were consistent through all mutant families (Figure 6A 
to F) and found as well in control plants not carrying any mutation (Figure 6G).   
 
To understand why none of the six mutant families phenotyped here showed improved root growth 
under salinity stress proline was measured to see the extent of its accumulation in the ProDH2 mutant 
lines and possibly explain the absence of morphological response of the mutant plants.  
 
Metabolite and amino acid measurements 
Metabolite profiling with GC-MS of the aerial plantlet parts of three biological replicates allowed 
measuring proline level among other compounds. Similarly to the results obtained in the pilot 
experiment, no differences in proline content were observed between mutant and non-mutant plants in 
either condition (Figure 7). This analysis did however reveal a significant (Student’s t-test, P<0.05) 
higher accumulation of proline in plants under salinity stress.  
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Figure 6. Genotype and phenotype of 25 days old plantlets grown under 150mM NaCl salinity stress. A-G: 
Plantlets grown under salinity stress. H: plantlets grown in control condition. In A to G, genotypes are 
mentioned on the bottom of each panel; +, homozygote plant with the mutation; -, homozygote plant without the 
mutation; H, heterozygote plant for the mutation. In each panel are plantlets from one in vitro plate all belonging 
to the same mutant family but segregating for the mutation of interest. A, mutant family Q427L; B, mutant 
family P185L; C, mutant family, Q258R; D, mutant family G453D; E, mutant family, S229L; F, mutant family 
A91V; G, Wild Type: plants not treated with EMS; H, mutant family Q258R grown in control conditions.  
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Figure 7. Proline and L-Proline content in leaves 
from mutant and sibling non-mutant plants growing 
in in vitro plates with or without salt. (A) Proline and 
(B) L-Proline were measured with GC-MS. Sampling 
was performed from all plants at 25 days after 
treatment. No significant differences were identified 
within mutant families between mutant and non-mutant 
plants. Abbreviation used in the graphs: C, Control 
condition; S, Salinity condition; Mut, Mutant; NMut, 
Non-Mutant.  
 
 
 
 
 
 
 
 
 
Discussion 
 
Proline was shown to have pleiotropic roles in response to abiotic stresses such as osmo-protection, 
maintenance of the redox balance, protection from oxidative damages, protection of protein integrity 
and signalling. ProDH2 was selected for mutation screening based on the hypothesis that a mutation 
affecting its activity could result in increased content in proline that would consequently result in 
improved tolerance of plants to salinity stress. A similar rational was taken using ProDH2 antisense 
lines in Arabidopsis and reduced expression of this gene resulted in increased proline accumulation 
and higher salinity tolerance (Nanjo et al., 1999). These results are a good indication that proline 
accumulation prior to stress is beneficial to plants growing under salt stress and that ProDH2 is a 
potential target for increasing abiotic stress tolerance using either transgenic or mutagenesis 
approaches.  
 
Here, we describe the application of TILLING to ProDH2. Plants carrying amino acid substitutions 
predicted to affect enzyme activity were characterised for proline accumulation and salinity tolerance. 
Response to salinity was studied in two different experimental setups, in vitro and hydroponic 
containers. In both, no increase in salt tolerance was observed in mutants in any of the studied 
families. The results obtained suggest that none of the mutations influenced proline content or 
physiological characteristics in any of the treatments (control or salinity stress conditions). Tolerance 
to salinity remained unchanged in all analysed lines.  
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We also measured proline content in order to assess the level of its accumulation in the mutant lines. 
Although large differences in proline content were found between control and salt treatments in both 
experimental settings, no significant increase in proline accumulation could be found between mutant 
and non-mutant siblings plants in either control or salinity conditions. It may be that the amino acid 
substitutions identified through the TILLING screens did not affect the protein structure in regions 
essential to its enzymatic activity. However, only mutations predicted by the SIFT program as “not 
tolerated” were selected. Our results demonstrate that care should be taken when interpreting such 
software outputs. It may also be that additional players are involved in proline degradation in tomato 
such as additional catabolic pathways or another enzyme is degrading proline.  
 
The identification and phenotyping of a ProDH2 knockout allele line or an antisense line in tomato 
would be a first step towards answers to these hypotheses. In the TILLING performed in this study, 
such a mutant plant was identified and carried a STOP codon in position 88 of the amino acid 
sequence. This mutant line, however, produced very few seeds: less than 15 seeds could be collected 
from a total of 5 M2 fruits. Furthermore, none of the seeds germinated. Similar observations were 
reported from tobacco ProDH antisense lines (Ribarits et al., 2007). Silencing of the tobacco ProDH2 
and ProDH1 genes led to reduced seed development and lower germination rates (as low as 16%). It 
was concluded that increased proline content was causing this phenotype either directly or indirectly 
through amino acid metabolism alterations. The similarity in seed development and germination rate 
phenotypes between the tomato mutant line carrying the Q88* mutation in ProDH2 and the tobacco 
NtPDH antisense lines would indicate that in the tomato mutant, even though we could not measure it, 
proline and/or associated metabolite pathways were affected by the mutated allele. Moreover, the 
likelihood that the Q88* ProDH2 allele is responsible for an increased proline accumulation supports 
the view that mutations in ProDH2 would be an effective means to enhance proline content in tomato.  
 
Salinity tolerance and proline content were not affected by the mutations identified in our TILLING 
screen. This gives strong support to the hypothesis that the amino acid substitution mutations we 
analysed did not affect ProDH2 enzymatic activity.  
As illustrated in Figure 5, the in vitro experiment revealed a large diversity in root development 
between sibling plants in each mutant family under salinity stress. Genotyping and metabolite 
profiling of all the phenotyped plants revealed that this variation is not linked to mutation in ProDH2 
and neither to increased proline levels. Background mutations induced by the EMS treatment may be 
the cause of observed variation in both growth speed and size of the root systems. Root development 
is a complex developmental phenomenon. It is however, still unlikely that in all of the six studied lines 
such variation is observed, as it would indicate that deleterious mutations occurred for each of these 
lines in genes involved in this mechanism. In addition, that level of variation was not observed under 
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control conditions. Salinity stress thus is likely to accentuate differences in seed quality over all lines 
independently of mutation background.  
 
In addition to the increased accumulation of proline, salinity stress had a profound effect on the 
primary metabolism of the plant (Figure 2). 82 metabolites were detected in the experiment. 61 of 
them were putatively identified (Table 2). These numbers are close to what have been previously for 
the metabolic profiling protocol used in this experiment (Roessner-Tunali et al., 2003). Although the 
number of metabolites does not cover the complete plant primary metabolism in leaves, it provided 
clues as to which pathways were affected. Salinity stress was proposed to affect plant growth because 
of two sequential affects. In a first phase, osmotic stress is predominant and later (hours or days 
depending on the plant) ion toxicity also participates to the decreased plant growth. In our experiment, 
samples were collected at a very late stage, after 25 days of salt treatment. Therefore we observe here 
the long-term effects of salinity stress.  
 
A Few metabolites are less accumulated under salinity than in control conditions. These are precursors 
metabolised into compounds that are in turn more accumulated under salt stress. Among the 
compounds found at lower levels are putrescine, a precursor of proline through the ornithine pathway 
and two sugars; glucose and fructose, which are important for the production of amino acids, of 
inositol, of phospholipids and fatty acids and also drive the tricarboxylic acid (TCA) cycle. The 
ornithine pathway is a minor source for proline biosynthesis but, under stress, it is activated with 
ornithine and GABA accumulation and putrescine decrease. GABA is transformed into glutamate and 
then enters the proline biosynthesis pathway as described in Figure 1. We also measured increased 
levels of amino acids in leaves of stressed plants, one could argue that this increase is due to protein 
degradation but it could also be that the demand for amino acids is higher in salinity conditions as 
more proteins need to be synthesised in order to enhance the flux through metabolic pathways, to 
synthesise molecular transporters, channel proteins and transcription factors. Looking at the role of 
proline during stress response, it is also possible that other amino acids are involved in the 
maintenance of osmolarity for cell turgor, and in signal transduction. Stress signalling is a 
characteristic shared by another compound found highly accumulated under stress; inositol and its 
derivatives such as phosphoinositides and inositol phosphates (Das-Chatterjee et al., 2006; Yang et al., 
2008; Munnik and Vermeer, 2010). Similarly we measured increased levels of phospholipids that were 
also suggested to be involved in hyperosmotic stress response (Bavaro et al., 2007; Darwish et al., 
2009). In addition we observed increased levels of compounds from the TCA cycle, this could be due 
to an increased activity of this metabolic pathway. The TCA cycle reactions occur in the mitochondria 
and produce NADH and FADH2 thus assuring the maintenance of an active electron transport chain of 
the oxidative phosphorylation process essential to the production of ATP and thus energy (Sweetlove 
et al., 2010).  
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The comparison of plants growing in salinity stress and in control conditions confirmed the 
importance of proline in the response to salt stress but also brought forward the role as signalling 
molecules of other metabolites such as inositol and derivatives, amino acids and lipids. The regulation 
of such compounds could also be good targets to develop improved salinity tolerant plant varieties.  
 
Materials & Methods 
 
TILLING 
Mutations were identified in the ProDH2 gene (Genebank number BT012735.1) screening the 
TPAADASU EMS M2 and M3 mutant populations for 4 PCR fragments with the TILLING protocol 
adapted for a HRM Lightscanner® platform as described in (This thesis, Chapter 2). Sequences of 
primers used to amplified ProDH2 targeted regions are listed in Table 1. PCR were performed on 4 
fold genomic DNA pools and after positive pool selection on single family genomic DNA: 94°C, 2 
minutes; 40 cycles, 94°C, 5 seconds; Primer specific Tm, 10 seconds; 72°C, 10 seconds; a 
denaturation step of 30 seconds at 94°C and renaturation by cooling down to 30°C. Presence and 
position of the mutations were verified by direct sequencing (Sanger et al., 1977) of the targeted PCR 
products.  
 
Table 1. PCR primers used in the TILLING screen and in the genotyping procedure.  
Fragment Name Forward Primer (5'-->3') Reverse Primer (5'-->3') Tm (°C) 
ProDH2-1 CTGGCGATTTTAACGCCGTGG CAAGCATGGCTTTTAACCCAGAATCC 68 
ProDH2-2 GTGGAACATGCCACCGATAATGAATC TCAATTGCAGGTTGAATGGTTGTG 67 
ProDH2-3 AAAGATGATCAGCCTTTGATATTCGG CCTGATTCAATGTTATGAGTGGCGAG 65 
ProDH2-4 AAAACTTGCTGCAACCAAAGCTATAG TGTCGAATGCCGATGTAGACAGCATG 68 
 
Plant materials 
For each identified mutant line, 15 M3 or M4 seeds, depending on which mutant population they 
originate from, were sown and were subsequently grown under greenhouse conditions. Plantlets were 
genotyped for the previously identified mutations. All plants were selfed for seed production. These 
seeds were then used in the phenotyping experiments. In both hydroponic and in vitro experiments 
about 50 seeds were sown under salt or control conditions, in order to obtain a sufficient number of 
homozygote plants as biological replicas, a minimum of 5 lines with, and 5 without the target mutation 
were grown. The wild type control was TPAADASU (not treated with EMS).  
 
Hydroponic containers based response to salinity assay 
Seedlings were grown in soil and first leaves sampled for mutation zygosity genotyping. Following 
selection of homozygote plants with the TILLING identified mutation and without mutation, roots 
were washed and selected plants were transferred to the hydroponic containers.  All containers were 
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filled with nutrient solution (Naaldwijk solution; EC 2.0) and half of the containers were 
supplemented with of 200mM. NaCl added in three steps (two times 60mM and a last addition of 
80mM NaCl) after one week to let plants adapt to the hydroponic environment. For each mutant 
family plants were genotyped and homozygote plants with the mutation and without the mutation were 
selected. For each genotype, half of the plants were grown in control condition and the other half in 
200mM NaCl salinity stress condition. In each group four plants were grown as biological replicas. 
 
In vitro based response to salinity assay 
For sterilization, seeds were separated in batches of 20 and placed in open eppendorf tubes (1.5 ml). 
Tubes were placed in sodium hypochlorite vapour (4% NaClO solution supplemented with 3 ml of 
37% HCl). After 14 hours, seeds were removed from the hood and transferred on Murashige and 
Skoog (MS) medium (1% agar) to initiate germination. When seed germinated, at the moment the root 
appears from the seed, they were transferred to control or salt stress conditions. In control condition 
plants are grown on MS medium (1% agar). In salt stress condition plants were grown on MS medium 
(1% agar) supplemented with 150 mM NaCl. All plates were placed upright in growth chamber at 
24°C with 16 hours of light per day. At a fixed time every day for 25 days all plates were 
photographed using a camera in a fixed setup.  
 
Genotyping for mutation in ProDH2  
Leaf samples were ground and gDNA extracted with 96-KingFisher mini protocol according to 
manufacturer recommendations. PCR amplified products in which mutations were previously 
identified through TILLING were SANGER sequenced. Chromatograms were analysed for zygosity 
with the Seqman software of the Lasergene package. Homozygote plants were selected for further 
analysis.  
 
Proline measurement – spectrophotometer method 
Proline was extracted according to Bates et al. (1973). Leaves were picked from the third node (from 
the plant hypocotyle) at two time-points: 2 days and 23 days after induction of stress. The leaf samples 
were first frozen in liquid nitrogen in a 2ml eppendorf tube. After mechanical grinding, 2 ml of 3% 
sulpho-salicylic acid solution were added to each sample. Samples were then centrifuged 14 minutes 
at 17000g. 500 µl of the resulting supernatant was mixed in pyrex tubes with 500 µl of acetic acid 
(glacial) and 500µl of Ninhydrin reagent (613mg of Ninhydrin, 10 ml of 85% phosphoric acid and 15 
ml of acetic acid), and incubated for 1 hour at 100°C. The tubes were cooled on ice and 1 ml of 
toluene was added to each sample. After shaking, free proline is present in the toluene phase. This 
phase was transferred to a glass cuvette and the absorbance of the sample was read at 520 nm (toluene 
alone was used as the reference). The proline concentration of the samples was determined using the 
following equation (Evgen'ev and Evgen'eva, 2000): A= 0.01 * Cx + 0.04 (A is absorbance at 520 nm, 
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Cx is proline concentration in µg/ml. Then to obtain the proline content, the following relation was 
used: Proline content (µmol.g FW-1) = proline concentration (µM) * extraction volume (ml) / FW (g).  
 
Metabolite profiling – GC-MS 
For each mutant line, homozygote plants with the mutation and without the mutation grown in vitro at 
salt or no salt conditions were subjected to metabolic profiling. Per mutant line and per condition, 
fresh ground leaf material from at least two plants was pooled to reach a total weight of 50 mg per 
replica. For each mutant line and each treatment three biological replicas were analysed.  
Analysis of polar metabolites was performed using GC-TOF-MS as described in Roessner-Tunali et 
al. (2003). The chromatograms were aligned using MetAlign software package, compound mass 
spectra were extracted according to (Tikunov et al., 2005). Metabolites were identified using NIST 
MSSearch and retention indices using the Golm Metabolite Database as a reference library 
(http://gmd.mpimp-golm.mpg.de) (Table2). 
The Student’s t-test was used for a statistical comparative analysis of the data. Significantly different 
metabolites (p<0.05) were visualized using BioSynLab Version 1.3.1 software 
(http://www.biosynlab.com). 
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Table 2. Primary metabolites detected and putatively identified in the tomato plants analyzed in the experiment. 
 
1Retention index of a metabolite in this experiment 
2Mass peak of a metabolite mass spectrum used for quantification 
3Factor of matching of a mass spectrum of a metabolite to the best hit from the NIST mass spectral library 
4Retention index of a compound derived from the NIST library
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Chapter 5 
 
EcoTILLING in tomato: natural allelic diversity in 
sugar metabolism related genes. 
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Abstract	  
 
Single nucleotide polymorphisms (SNPs) are the most common form of DNA sequence variation. 
EcoTILLING is a reverse genetic approach allowing the discovery of polymorphic genetic loci such as 
SNPs and INDELs. In the present study the EcoTILLING methodology using High Resolution 
Melting (HRM) analysis was tested and implemented on two tomato core collections. The two core 
collections were screened for polymorphism within conserved domains for a set of 20 genes related to 
Brix (total soluble solids content). Both collections were phenotyped for Brix and other agronomic 
traits. Subsets of the two collections were screened, a CBSG set (94 cultivars) and an EU-SOL subset 
(258 accessions). In a first step, the efficiency and accuracy of the HRM screening method were 
tested. In a second step the actual screening was performed. On the total set of 352 accessions, about 
1126 Kb were screened. 188 polymorphisms were discovered including 110 SNPs and 78 INDELs. 
One of the discovered haplotypes in an invertase (the Lin7 gene) was associated with higher total 
soluble solids level. In addition two SNPs induced amino acid substitutions in a S. pennellii 
accession’s invertase enzyme, Tiv1. Further experimentations are required to confirm the role of both 
Lin7 and Tiv1 alleles as contributing to elevated Brix levels. With these preliminary results, we 
demonstrate the applicability of EcoTILLING using HRM screening for SNP discovery in tomato. 
Differences in the number of polymorphic genes and in the distribution of that polymorphism among 
the collections were observed between EU-SOL and CBSG subsets. Variation in two genes was 
identified in the CBSG set versus in six genes in EU-SOL. A total of 14 novel alleles were identified 
over 7 genes. 
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Introduction 
 
EcoTILLING was developed within the Seattle TILLING Project (STP) (Comai et al., 2004) to 
examine naturally occurring single nucleotide polymorphisms (SNPs) and insertion/deletions 
(INDELs) in populations, particularly in collections containing wild relatives with broad genetic 
diversity. EcoTILLING is an efficient method based on the TILLING protocol to identify 
polymorphisms in candidate genes. Looking into over 150 Arabidopsis accessions, Comai et al. (2004) 
identified a total of 55 haplotypes in 5 target genes screening 1 kb of sequence for each of them. The 
polymorphisms identified ranged from a single SNP to complex haplotypes including INDELs. 
EcoTILLING has also proven to be efficient in species less amenable to chemical mutagenesis. For 
example, the method was applied to assess genetic diversity in North American black cottonwood 
(Populus trichocarpa) populations (Gilchrist et al., 2006b). EcoTILLING in 41 P. trichocarpa trees 
identified 63 SNPs in 9 target genes. Polymorphism identification in target genes with EcoTILLING 
was highly successful in a large number of additional plant species (Kadaru et al., 2006; Mejlhede et 
al., 2006; Dillon et al., 2007; Nieto et al., 2007; Wang et al., 2008; Elias et al., 2009; Rigola et al., 
2009; Ibiza et al., 2010; Till et al., 2010). 
 
To maximise chances of harvesting allelic variants, the choice of the population to screen is an 
important consideration. Selection criteria such as known population structure, geographical origin 
(Gilchrist et al., 2006b) and phenotypic data are key considerations for the selection of the individuals 
to enter the EcoTILLING screen. The selected population needs to be phenotyped for the trait of 
interest in order to associate haplotypes identified through EcoTILLING with the phenotype (Nieto et 
al., 2007; Wang et al., 2008). 
 
Originally, EcoTILLING comprised a PCR based method in which a target gene is amplified; 
amplicons are subjected to an endonuclease cleavage and products were detected on polyacrylamid 
gels (Comai et al., 2004). Apart from the origin of the mutation, EcoTILLING and TILLING differ in 
the DNA sampling and pooling strategy. In the standard TILLING protocol, 8 fold DNA pools are 
screened, whereas in EcoTILLING no sample pooling is undertaken. A much higher DNA 
polymorphism density is expected as a result of natural variation compared to mutagenised 
populations (Comai et al., 2004). As a result, each DNA sample from every individual in the collection 
is mixed in a 1:1 ratio with DNA from an accession selected as reference. The screening process 
identifies genetic variation in comparison to this reference through the detection of heteroduplexes. 
The development of newer SNP discovery and screening methods such as High Resolution Melting 
analysis (HRM) and Next Generation Sequencing (NGS) have successfully been applied to TILLING 
and can equally be applied to the EcoTILLING procedure with a similar adaptation in the DNA 
sample pooling strategy (This thesis, Chapter 2 and Rigola et al., 2009). 
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In tomato, one of the major traits affecting marketability is taste. A prominent factor of taste is 
sweetness. Brix or total soluble solids content is the measure of the dissolved sugar-to-water mass 
ratio of the fruit juice, which is a major trait to evaluate the sweetness. A more accurate 
characterization of flavour components can be performed using sugar dosage (Bovy et al., 2007). Brix 
is a heritable trait that is easily measured. In fruits from domesticated tomato, sucrose, glucose and 
fructose are the major sugars present. Wild accessions accumulate mostly in the form of sucrose 
(Kortstee et al., 2007). The observed variation in relative levels of sugars is influenced by relative 
activities of enzymes responsible for the turnover of those sugars.  
 
Invertases and sucrose synthases play a key role in the loading/unloading capacity of sucrose in the 
initial stages of fruit development. Fridman et al. (2000) uncovered the molecular basis of this 
variation of invertase lin5 by characterizing a 484 bp sequence derived from a wild accession, 
Solanum pennellii. This allele increased glucose and fructose contents in cultivated tomato fruit of 
various genetic backgrounds and under various environment conditions (Zanor et al., 2009). Thus, an 
investigation of sequence variation of genes involved in sugar metabolism (Figure 1) may reveal the 
variation underlying the observed phenotypic variation. As genomic or coding DNA sequence is 
available for the genes involved, a reverse genetic technique such as a candidate gene approach can be 
taken to discover potential allelic variants (Pflieger et al., 2001). Since active sites within these 
enzymes are important for function, changes in amino acids caused by SNPs in the coding regions of 
these genes can affect protein structure leading to major changes in metabolism (This thesis, Chapter 
3).  
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Figure 1. Starch and sucrose metabolism. This metabolic pathway illustrates a part of the complex sugar 
related metabolism. In red circles are highlighted gene families that were targeted with EcoTILLING. #1: 
Sucrose synthases (Susy); #2: Invertases (Lin & Tiv); #3: Hexokinases (Hxk); #4: Glucose-6-Phosphate 
isomerases (GPI); #5: ADP-Glucose Pyrophosphorilases (APL or APS); #6: UDP-Glucose Phosphorilases 
(UGPase). Additional genes were targeted and belong to the extended sugar metabolism such: Fructose kinases 
(Frk) from the Fructose and Mannose metabolism; Isocitrate Lyase (Icl) from the TCA cycle and Malate 
synthase (Mls) from the glyoxylate and dicarboxylate metabolism. The figure presented here is adapted from the 
KEGG Pathway database (http://www.genome.jp/kegg/pathway.html#carbohydrate).  
 
In this chapter, we describe the combination of EcoTILLING and High Resolution Melting analysis 
(HRM) on two distinct tomato core collections for a set of genes involved in Brix. EcoTILLING 
provides a straightforward and cost efficient method to reveal natural polymorphism in targeted genes. 
Implementing HRM technology using a LightScanner™ improves the screening throughput.  
 
 Results 
 
Phenotypes in the Core Collection 
The EU-SOL core collection (EU-SOL CC) is based on an initiative to gather a maximum of the 
genetic diversity for tomato and its close relatives. The collection consists of about 7000 accessions. 
Phenotyping of the EU-SOL CC was performed in the field. Brix, fruit size and fruit weight were 
measured for 4500 accessions during the summer of 2008 and a subset of 330 accessions were re-
evaluated in the summer of 2009. All data was collected and added to the EU-SOL BreeDB database 
(www.plantbreeding.wur.nl/UK/software_breedb.html and www.eu-sol.wur.nl).  
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forming 14 haplotypes. Here, a haplotype represents a unique combination of polymorphism (SNPs 
and/or INDELs) for a specific genetic locus. Multiple plant accessions can carry the same haplotype 
and in this study are grouped together because sharing this characteristic. In the CBSG panel 79 SNPs 
over 41 accessions with variants corresponding to 8 haplotypes were identified for two genes, lin7 and 
lin8 (Table 2). In the EU-SOL CC the EcoTILLING method identified 31 SNPs on 16 accessions with 
variants corresponding to 9 haplotypes for six genes including Lin8 but also Tiv1, Icl, Frk2 and 
sucrose synthase (Susy3) (Table 3). Seven SNPs are in exonic regions, two leading to an amino acid 
substitution in the soluble invertase (Tiv1) sequence in accession EA02701 (Solanum penellii). In this 
allelic variant, the two polymorphisms induce V278I and K307E amino acid substitutions in TIV1 
protein sequence. Both amino acid transitions were predicted as tolerated by SIFT.  
 
To evaluate the accuracy of the EcoTILLING method with HRM we sequenced the CBSG collection 
(94 lines) for one target fragment, the conserved domain of lin8. Sanger sequencing revealed 72 
polymorphic variants on 4 SNP positions. Comparison of this sequence dataset to the dataset 
generated through the HRM based EcoTILLING protocol showed that 82% of the variants were 
identified with EcoTILLING.  
 
Rigola et al. (2009) screened 92 accessions from the EU-SOL CC using next generation sequencing 
technology (Roche 454 GS-FLX) and identified 6 haplotypes of the eIF4E gene in 3 amplicons. To 
verify whether our method was efficient for EcoTILLING when screening whole genome amplified 
(WGA) DNA generated using the GenomiPhi procedure (Holbrook et al., 2005), we screened the same 
accessions and screened for the same gene regions. Polymorphism in the first amplicon was correctly 
detected, but screens of the two others failed to reveal previously discovered SNPs from the screen 
described by Rigola et al. (2009). 
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Table 1. List of all genes targeted with the EcoTILLING approach.  
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Linking haplotypes to phenotype 
The EcoTILLING approach yielded 35 polymorphic positions among 6 genes screening ~350 tomato 
accessions. To avoid false negatives, a large number of accessions were sequenced based on HRM 
melting pattern and only in a fraction of these were polymorphisms present. The accessions that were 
sequenced for the target fragment, but did not contain polymorphim were used in the later analysis as 
part of the reference set (haplotype 1). Two classes of polymorphisms can be distinguished in the 
EcoTILLING results. The first class comprises polymorphisms not inducing variation in the protein 
coded by the targeted gene (synonymous polymorphism). This polymorphism is present in introns or 
does not lead to amino acid changes. Most of the genetic variation identified here falls into this class. 
The second class are polymorphisms that induce modifications in the translated amino acid sequence 
(non-synonymous polymorphism). The latter type of polymorphisms was identified in 6 genes related 
to Brix that may be linked to total soluble sugars content in tomato fruits.  
For each gene, a number of haplotypes were distinguished with respect to the identified allelic 
diversity. In each collection, 9 haplotypes were identified. While all CBSG different haplotypes were 
identified in only two genes (Table 2), Lin7 and Lin8, the 9 haplotypes identified in EU-SOL CC were 
spread among 5 genes (Table 3). No genetic variation from the reference allele was found in the EU-
SOL collection for Lin7 and in the CBSG collection Fructokinase 2, Tiv1, Isocitrate lyase and Susy3 
were not polymorphic for the amplified gene fragments. In the EU-SOL core collection data set, none 
of the haplotypes could be associated with significantly different phenotypic values compared to the 
data obtained from lines carrying the haplotype 1 allele.  
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Table 2. Overview of allelic diversity identified in the CBSG tomato collection.  
CBSG	  Collection	     Genotype	   	  	  
Phenotype	   Metabolite	  
General	  Haplotype	   CBSG#	  
Haplo.	   Haplo.	  
Lin7	   Lin8	   Brix	   Fruit	  Size	   FW	   Fructose	   Glucose	   Sucrose	  
1	   9	   1	   1	   4.12	   Beef	   4.12	   2.89	   4.49	   2.78	  
1	   10	   1	   1	   4.72	   Round	   4.08	   3.03	   4.61	   3.05	  
1	   13	   1	   1	   4.48	   Beef	   4.06	   2.94	   4.55	   3.06	  
1	   17	   1	   1	   5.22	   Round	   4.06	   3	   4.53	   2.92	  
1	   30	   1	   1	   6.04	   Cherry	   3.98	   3.09	   4.66	   3.54	  
1	   32	   1	   1	   4.51	   Round	   4.04	   2.98	   4.57	   3.12	  
1	   38	   1	   1	   4.72	   Round	   4	   3.03	   4.52	   3.15	  
1	   40	   1	   1	   4.99	   Round	   3.77	   3.03	   4.62	   3.19	  
1	   45	   1	   1	   4.77	   Round	   4	   3	   4.48	   2.95	  
1	   55	   1	   1	   4.69	   Beef	   4.05	   2.99	   4.57	   2.94	  
1	   70	   1	   1	   4.53	   Round	   3.99	   3.03	   4.58	   3.19	  
1	   73	   1	   1	   4.88	   Beef	   4.13	   2.94	   4.5	   2.75	  
1	   85	   1	   1	   6.23	   Cherry	   4.04	   3.2	   4.75	   3.23	  
1	   92	   1	   1	   5.07	   Round	   4.05	   2.99	   4.55	   3.26	  
1	   99	   1	   1	   4.64	   Round	   4.06	   2.92	   4.49	   3.06	  
1	   100	   1	   1	   4.82	   Cherry	   4.04	   3.01	   4.56	   3.01	  
1	   112	   1	   1	   7.71	   Cherry	   3.81	   3.24	   4.79	   4.01	  
Average	  	   	  	   	  	   	  	   5.07	   	  	   4.02	   3.02	   4.58	   3.13	  
2	   12	   1	   11	   4.31	   Beef	   4.09	   2.9	   4.44	   2.69	  
2	   18	   1	   11	   5	   Round	   4.05	   3	   4.54	   3.18	  
2	   19	   1	   11	   4.77	   Round	   4.11	   3.01	   4.56	   3.16	  
2	   50	   1	   11	   4.25	   Round	   4.07	   2.98	   4.53	   3.14	  
2	   53	   1	   11	   4.86	   Beef	   4.09	   2.87	   4.46	   2.96	  
2	   56	   1	   11	   4.71	   Beef	   4.08	   2.89	   4.42	   3.26	  
2	   61	   1	   11	   5.51	   Round	   4.11	   3.06	   4.58	   3.41	  
2	   68	   1	   11	   5.19	   Round	   4.07	   3.01	   4.55	   3.28	  
2	   88	   1	   11	   4.32	   Round	   4.09	   2.93	   4.52	   3.18	  
2	   98	   1	   11	   4.47	   Beef	   3.96	   3	   4.58	   3.29	  
2	   102	   1	   11	   4.66	   Round	   4.09	   3	   4.49	   3.09	  
2	   119	   1	   11	   4.83	   Round	   3.97	   3.01	   4.53	   3.17	  
2	   123	   1	   11	   4.6	   Beef	   4.08	   3.06	   4.59	   3.08	  
2	   126	   1	   11	   4.72	   Round	   4.01	   3.04	   4.59	   3.13	  
Average	  	   	  	   	  	   	  	   4.73	   	  	   4.06	   2.98	   4.53	   3.14	  
2	   8	   1	   8	   5.22	   Round	   4.08	   3.02	   4.58	   3.19	  
3	   26	   1	   8	   4.68	   Round	   4.1	   3.07	   4.65	   3.18	  
3	   34	   1	   8	   4.7	   Round	   4.09	   3.03	   4.59	   3.08	  
3	   58	   1	   8	   6.78	   Cherry	   3.86	   3.18	   4.71	   3.73	  
3	   79	   1	   8	   6.5	   Cherry	   3.91	   3.05	   4.59	   3.77	  
3	   83	   1	   8	   6.3	   Cherry	   3.98	   3.14	   4.71	   3.76	  
3	   124	   1	   8	   5.02	   Round	   4.09	   3.01	   4.58	   3.02	  
Average	  	   	  	   	  	   	  	   5.60	   	  	   4.02	   3.07	   4.63	   3.39	  
4	   35	   1	   9	   6.86	   Cherry	   3.95	   3.01	   4.63	   3.56	  
4	   43	   1	   9	   4.39	   Round	   3.98	   3.01	   4.57	   3.02	  
4	   44	   1	   9	   4.87	   Round	   4.04	   3.03	   4.53	   3.19	  
4	   94	   1	   9	   4.66	   Round	   4.06	   2.93	   4.71	   3.13	  
4	   110	   1	   9	   6.79	   Cherry	   3.96	   3.22	   4.75	   3.9	  
Average	  	   	  	   	  	   	  	   5.51	   	  	   4.00	   3.04	   4.64	   3.36	  
5	   23	   1	   7	   4.75	   Round	   4.1	   2.93	   4.46	   3.17	  
5	   48	   1	   7	   5.47	   Round	   4.08	   3.11	   4.68	   3.45	  
5	   132	   1	   7	   5.89	   Cherry	   4.04	   3.16	   4.72	   3.18	  
Average	  	   	  	   	  	   	  	   5.37	   	  	   4.07	   3.07	   4.62	   3.27	  
6	   3	   1	   10	   6.42	   Cherry	   3.96	   3.19	   4.75	   3.4	  
6	   90	   1	   10	   4.72	   Round	   3.92	   2.97	   4.58	   3.13	  
Average	  	   	  	   	  	   	  	   5.57	   	  	   3.94	   3.08	   4.67	   3.27	  
7	   74	   4	   1	   7.69	   Cherry	   3.96	   3.19	   4.83	   3.81	  
8	   59	   4	   8	   7.35	   Cherry	   3.99	   3.21	   4.8	   3.94	  
9	   111	   4	   9	   7.2	   Cherry	   4.02	   3.19	   4.74	   3.74	  
9	   33	   4	   9	   7.91	   Cherry	   3.89	   3.23	   4.77	   3.54	  
Average	  haplo	  	  7,	  8,	  
9	   	  	   	  	   	  	   7.54	   	  	   3.97	   3.21	   4.79	   3.76	  
10	   96	   5	   8	   5.71	   Cherry	   4.01	   3.09	   4.70	   3.53	  
11	   27	   6	   1	   4.44	   Beef	   3.99	   2.91	   4.50	   3.15	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Table 3. Overview of allelic diversity identified in the EU-SOL tomato core collection.  
 
Note to Tables 2&3: Haplotypes are 
differentiated from each other with different 
number. Haplotype 1 always corresponds to the 
reference allele: all accessions that were 
sequenced and for which no polymorphism was 
identified in the target fragment are listed in 
that haplotype. Haplotype with a number 
different than 1 carries at least one 
polymorphism and haplotypes with different 
numbers are always genetically different from 
each other’s. The general haplotype was called 
based on a unique combination of haplotypes 
for all genes screened. Next to haplotype 
information are listed phenotypic and 
metabolomics data. 
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In the CBSG collection the comparison of the phenotypic and metabolic data from the accessions 
carrying the different Lin7 haplotypes with the data from lines carrying the reference haplotype 
resulted in the identification of haplotype 4 (Table 2) as contributing to a significantly higher total 
soluble sugar content in fruits (Dunnett test, P<0.001). The Lin7 haplotype 4 was significantly 
correlated with higher sucrose (Dunnett test, P<0.001) with regards to metabolites. Similarly to the 
results found in the EU-SOL collection, none of the Lin8 haplotypes were associated with significant 
variation in Brix or sugars.   
 
The S. pennellii accession carrying two amino acid substitutions in the Tiv1 gene was scored as 
containing the highest Brix level among all haplotypes identified in the EU-SOL core collection.  
TIV1 was shown to be involved in the breakdown of sucrose into hexoses (Klann et al., 1992; Klann 
et al., 1993). Tiv1 is located close to marker cLEC-10-018 mapping on chromosome 3. The 
introgression line (IL) 3-2 identified from the BreeDB database, was found to carry the S. pennellii 
allele for that portion of chromosome3 in S. lycopersicum M82 background. However, the S. pennellii 
accession used to generate the IL population (Eshed and Zamir, 1995) is different from the one 
identified here (EA02701) as carrying a variant Tiv1 allele. The Tiv1 S. pennellii allele present in the 
ILs does not contain the K307E substitution but does contain the V268I amino acid transition (from 
Sanger sequencing, data not shown).  The IL population was grown for nine years in multiple 
replications in Akko, Israel and Brix was measured in the field. Overall comparison of Brix levels in 
M82 and in IL3-2 showed a significant higher total soluble sugar content in the IL (Figure 3, Student’s 
t-test, P<0.05). These results indicate that there may be a contribution of the S. pennellii Tiv1 allele to 
increased fruit sugar content.  
 
Figure 3. Brix scores for line M82 and for Introgression Line 3-2 over 9 independent experiments. In dark 
grey bars are M82 Brix scores for each experiment and in light grey bars are Il3-2 Brix scores for each 
experiment. Stars (*) above bars show that Brix for IL3-2 in the corresponding experiment was significantly 
higher (Student’s t-test, P<0.05) in the IL than in the M82 control line.  
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Discussion 
 
HRM technology, a valid method for polymorphism discovery through EcoTILLING in tomato  
SNPs and INDELs were successfully identified by HRM. Our results reveal that HRM with 
LightScanner™ is a robust method for polymorphism discovery. There is, however, room for 
improvement when using WGA generated using GenomiPhi DNA. We found that contamination from 
the WGA reaction interferes with the LightScanner™ screens. These contaminants may cause the loss 
of resolution compared to results obtained by Rigola et al. (2009). Another cause of decreased 
sensitivity could be associated to the difficulties to measure WGA DNA concentrations with a 
spectrophotometer based system or lambda DNA. Unbalanced mixing of template DNA with the 
reference could interfere with heteroduplex formation and thus create bias in polymorphism detection 
with LightScanner™. Such interference could also be the cause of the high false negative rate 
observed when comparing HRM screens output to the dataset obtained by Rigola et al (2009) using 
the 454 GS-FLX to screen the EU-SOL CC for the LeIF4E gene. However, EcoTILLING screens of 
the CBSG collection using genomic DNA as template showed higher reliability as 82% of 
polymorphisms identified by Sanger sequencing of the complete CBSG set for a target region were 
identified as well with HRM.  
 
Correlation between haplotypes and sugar measurements 
Brix or total soluble sugars is a complex trait as it involves numerous genes implicated in sugars, 
starch metabolisms and sink/source relationships (Do et al., 2010; Luengwilai et al., 2010). In this 
study, genetic variability was identified in a set of genes having a role in sucrose, fructose and glucose 
transformation: invertases, fructokinase 2, sucrose synthase 3 (Figure 1). Among all haplotypes 
identified in this study, only one, Lin7 haplotype 4 in the CBSG set was associated to higher sucrose 
content and to higher Brix.  Lin7 is not expressed in fruits but mainly in pollen grains and tapetum 
(Godt and Roitsch, 1997; Proels et al., 2003; Proels et al., 2006). Therefore, It is unlikely that Lin7 is 
involved in fruit sugar metabolism. Interestingly, Lin7 and Lin5 are organized in a direct tandem 
repeat and only separated from each other by 1.5 kb in which is part of the Lin7 promoter (Proels et 
al., 2003). Lin5 is mainly expressed in developing green tomato fruit and introgression of the wild S. 
pennellii Lin5 allele was shown to increase total soluble solids in fruits (Fridman et al., 2000; Zanor et 
al., 2009). It is possible that the Lin7 variant identified in this study is linked to a Lin5 allele 
responsible for the higher Brix found in the CBSG accessions carrying the Lin7 haplotype 4 genetic 
variations. All accessions from haplotype 4 produced small fruits, cherry tomatoes, which is a unique 
phenotypic feature with respect to the other accessions carrying other haplotypes. Nevertheless fruit 
weight did not significantly differ (P>0.05) from the one of the reference haplotype. Thus it is unlikely 
that the higher total soluble sugar content is due to smaller fruit size.  
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It is interesting to note that despite the known implication of invertases in sugar metabolism, no 
variation in Lin7 was identified in the EU-SOL accessions while allelic variants for Tiv1 were only 
found in that collection. This confirms the important role of invertases in Brix and stresses the 
attention that should be paid when selecting the germplasm to screen as it greatly influence 
polymorphism discovery. In addition, it could be an indication that Lin7 haplotype 4 is under positive 
selection in domesticated accessions.  
More experimental data is required from the EU-SOL CC to be able to directly associate identified 
polymorphism to sugar measurements and metabolic data. Indeed, the number of observations per 
haplotype is restricted to only one or two accessions. Moreover, despite that Brix have been measured 
over multiple years and in different conditions (field and greenhouse), values are often missing. This is 
because we analysed with EcoTILLING a selected set of 258 landraces and wild species that at a later 
stage was further reduced to 150 accessions. The last Brix and all metabolites measurements were 
only performed on this reduced set. Nevertheless, polymorphism was identified of in a pennellii 
accession for Tiv1 and induced changes in its amino acid sequence. To verify whether these 
substitutions led to modified enzyme activity and Brix level, we looked into the pennellii IL3-2 that 
carries another Tiv1 allele with one common substitution (K307E). That IL showed significantly 
higher Brix levels over multiple years and locations. Thus, we suggest that these Tiv1 alleles should be 
further studied in order to confirm that this increase in fruit sugar content important to tomato taste but 
also to tomato industry is actually caused by these pennellii alleles. All together, our data suggest that 
some of the EU-SOL left aside accessions should be brought back into the Brix panel for additional 
measurements and a larger number of accessions may be screened for the Tiv1 S. pennellii accession 
EA02701 allele in order to confirm its role in higher Brix.  
 
Comparison between collections 
While the EU-SOL CC is a collection of a very broad taxonomic set of accessions gathered from 
cultivated and wild tomato relatives, the CBSG set is composed of elite cultivars from breeding 
programs. The 330 accessions from EU-SOL CC Brix subset were selected as representative of the 
Brix distribution among the 7000 accessions of the collection. Brix distribution in the CBSG set was 
narrower than in the EU-SOL one (Figure 2).  
The number of allelic variants was higher in the CBSG set with 41 polymorphic accessions in 
comparison with 16 accessions carrying polymorphism for at least one of the target genes screened for 
in the EU-SOL CC. Contrastingly, the CBSG set had a lower number of polymorphic sites which 
tends to show a narrower genetic diversity. The higher frequency of variants could be due to positive 
selection of these alleles in the CBSG elite lines. Interestingly the only haplotype linked with 
significantly higher Brix was found in CBSG, the collection of domesticated elite lines. It might be 
that this locus was under positive selection pressure. None of the other haplotypes identified in both 
collections were statistically linked to increased Brix. This leads to the conclusion that these 
92	   Chapter	  5	  -­‐	  EcoTILLING	  	  
polymorphisms are not relevant to the trait, but it is also a possibility that the statistical power of the 
analysis was limited because of the limited number of observations (number of accession per 
haplotype group) in the EU-SOL group. This point would need further investigation through the 
screening of additional fragments in the candidate genes on the same set of accessions.  
 
Validation of associations between genetic polymorphism and phenotype 
EcoTILLING does not provide genetic markers for whole genome or equal distribution over linkage 
groups and therefore does not allow unambiguous correlation between discovered haplotypes and 
phenotypic measures especially for complex traits such as Brix. Nevertheless, EcoTILLING uncovers 
allelic diversity for candidate genes in a selected set of germplasm. Following the EcoTILLING 
screen, allele specific polymorphism can be used as marker to screen a segregating population 
generated from a cross with the accession carrying a promising haplotype. This approach could be 
taken for four of the CBSG collection accessions #33, 59, 74 and 111 from the present study. The 
identified polymorphism can be followed in the segregating population using HRM for genotyping at 
this locus. Brix measurements performed on the F2 progenies could then be linked to presence or 
absence of the SNP of interest and may eventually validate this S. pennellii allele as a participant in 
higher Brix level in tomato fruits. 
 
EcoTILLING with HRM vs. EcoTILLING with NGS 
Next generation sequencing technologies (NGS) are rising as new standards for SNP discovery 
projects (Novaes et al., 2008; Amaral et al., 2009; Maughan et al., 2009). These technologies are being 
applied to TILLING and EcoTILLING where a 2D-pooling strategy was used to identify natural 
polymorphism in the EU-SOL CC (Rigola et al., 2009). Since typical core collections are small 
subsets selected on phenotypic data or other criteria such as geographical origins (Comai et al., 2004; 
Gilchrist et al., 2006; Nieto et al., 2007; Wang et al., 2008) and as NGS platforms produce large 
datasets, high numbers of genes could be screened per instrument run. Weil (2009) estimated that 30 
to 50 genes could be screened per instrument run in thousands of TILLING lines using such set up. 
For screens of natural polymorphism, population size is usually 10 times lower and this provides the 
possibility to screen for more genes and to increase sequencing depth for better separation between 
true polymorphism detection and sequencing errors.  
We were able to show that EcoTILLING using HRM is accurate, fast, and does not require complex 
library preparation or the high capital investment of NGS technologies.  
In the near future, NGS platform based EcoTILLING screens are likely to be the next high-throughput 
screening platforms in large projects offering targeted polymorphism discovery as a service to the 
scientific community like the Comai lab  
http://tilling.ucdavis.edu/index.php/Main_Page is proposing for TILLING in a number of plant 
species.  
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Materials & Methods 
 
Plant Material 
EU-SOL is a European collaborative project on the genetic and genomic analysis of tomato and potato 
(http://www.eu-sol.net/). Project’s module “screening natural diversity” focuses on the development of 
a core collection and the use of the project online BreeDB database (Finkers, 2009). The tomato core 
collection (CC) established within EU-SOL, is composed of about 7000 accessions, including 
cultivars and domesticated along with representative wild relatives.  
The Centre for BioSystems Genomics (CBSG; www.cbsg.nl/) tomato program aims to implement 
research on the genetic basis of tomato quality traits, notably to screen tomato varieties for the natural 
biodiversity of taste characteristics (Ursem et al., 2008; van Berloo et al., 2008b). For the purpose of 
this research a set of 94 cultivars known for their agronomic qualities has been selected.  
 
Phenotyping of core collections for Brix and sugars 
The two collections were phenotyped in two distinct trials in different locations. The EU-SOL CC was 
set in open field in Akko, Israel. The CBSG CC was grown in the greenhouses of Wageningen 
University in Wageningen, Netherlands. 
 
Phenotyping the EU-SOL Core Collection 
In 2008, in Akko, Israel, Brix was measured on 4500 accessions on one single fruit stored overnight in 
a cold room. In the summer of 2007, 2008 and 2009 the EU-SOL CC was planted in Akko, Israel. In 
2008 and 2009 extensive phenotyping, on several agronomic traits was performed. In 2009 the Brix 
phenotyping panel consisted of 330 accessions, determinate and indeterminate types, which showed 
representative diversity for Brix in 2008. For each accession, 5 fruits were harvested, weighted, 
measured for their height and diameter. Brix was measured with the standard refractometer method. 
Based on these data a representative subset (150 accessions) from the 330 accessions of the Brix panel 
was repeated for total soluble sugar content measurement. Fruit sampling was performed on the same 
150 accessions for metabolites profiling and sugar dosage (fructose, fructose 6 P, glucose, glucose 6 P, 
sucrose). An additional phenotyping experiment was conducted in the greenhouse in Hatzav, Israel 
with 6 repeated trials during the winter of 2009-2010 to evaluate Brix and perform metabolite 
profiling on the 150 accessions selected from the Brix subset during the summer experiment.  
 
Phenotyping the CBSG Collection 
The CBSG set is a group of top cultivars (hybrids) from breeding companies; it was extensively 
characterized for a large panel of traits including Brix, metabolites and sugars profiling (glucose, 
fructose, sucrose), citric and malic acid (Tikunov et al., 2005). For Brix measurements, two grams of 
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fruit flesh for each accessions were squashed, 100 µl of supernatant was used on a refractometer for 
measurement. Phenotyping procedure and experiments details are explained in (Ursem et al., 2008; 
van Berloo et al., 2008b) 
 
DNA material 
The EU-SOL CC DNA material was isolated, increased with Whole Genome Amplification (WGA) 
Illustra GenomiPhi V2 amplification kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and 
provided by Keygene N.V. for 2250 accessions. Among the 2250 DNA samples, 258 corresponded to 
the accessions belonging to the Brix panel. Concentration measurement was performed comparing to 
standard concentrations of Lambda DNA (Invitrogen, Carlsbad, California, USA). WGA DNA was 
diluted 160 times prior to 1:1 mix with Moneymaker gDNA. The CBSG core collection genomic 
DNA material was provided at a concentration of 30 ng/µl.  
For the production of reference gDNA samples, Moneymaker seeds were grown in the greenhouse 
during two weeks. Tissue samples were ground with Retsch grinder (Retsch GmbH, Haan, Germany). 
DNA isolation was performed on a KingFisher-96™ robotic platform with the KingFisher™ maxi 
prep protocol (Fisher Thermoscientific, Waltham, Massachusetts, USA). Genomic DNA from the 
MoneyMaker reference was mixed 1:1 with DNA from the core collections. In each plate at position 
A1, a gDNA sample from cultivar MoneyMaker was added as reference for the HRM LightScanner™ 
analysis software that compares all samples to the one in the A1 position.  
 
Target gene annotation and primer design 
Candidate genes were selected from literature (Table 1). Most of the candidates belong to multigene 
families with several orthologs or paralogs. Depending on available data, genomic DNA (gDNA) or 
coding DNA (cDNA) sequences of targeted gene were obtained from NCBI (www.ncbi.nlm.nih.gov). 
When the candidate gene sequence was not available on tomato, its homolog from Arabidopsis 
thaliana was taken and compared to the SOL and DFCR data (www.solgenomics.net; 
www.compbio.dfci.harvard.edu/tgi/plant.html) using the tBASTn algorithm. Potential conserved 
functional domains were searched and identified using Interproscan online tool and the EMBL-EBI 
database (www.ebi.ac.uk/interpro/). Putative introns were positioned on cDNA sequences using the 
SGN intron finder tool (www.solgenomics.net/tools/intron_detection/find_introns.pl). Selected 
sequences were further annotated for coding regions/non-coding region and conserved domains using 
APE software (www.biology.utah.edu/jorgensen/wayned/ape). The overview of the annotation 
pipeline is illustrated in Figure 4. 
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Figure 4. Annotation pipeline for analysis of EcoTILLING targeted genes. 
All genes analysed in this study were submitted to the pipeline in order to 
identify their sequence, conserved domains, introns, and sequence differences 
among gene families in order to design primers surrounding domains of 
interest in a gene specific manner.  
 
 
 
 
 
 
 
 
 
Primers pairs were designed to amplify each conserved domain (CD) within each targeted gene (one to 
three CD per gene). Primers for use on the LightScanner™ platform were designed according to the 
manufacturer’s recommendations (Idaho Technology Inc.). For representatives of multigene families, 
DNA sequence alignment of orthologs was done to detect non-homolog regions using NCBI BLAST 
tool. Non-homologous regions were targeted to increase primer specificity. Each primer pair was 
tested using gradient PCR with a Tm range from 55° to 65°. All primers are listed in Table 2. PCR 
mix and run conditions were performed as described in (This thesis, Chapter 2).  
 
Table 4. List of primer pairs used to amplify, screen and sequence specific regions of the corresponding 
genes. In this list is only listing primers for genes that were successfully screened and sequenced to confirm 
mutation veracity and position. Primers used to amplify the other genes listed in Table 1 are not listed because at 
the point of the EcoTILLING procedure a step failed and therefore that gene was not included in the study.  
 
Gene Name Forward Primer (in 5' - 3' order) Reverse Primer (in 5' - 3' order) 
FructoKinase 2 CCGTTGGAGGATTCCATGTGAAGA CCTCCCTTGAGCAAAGTGAGG 
Invertase 7 GTTTTTATTCACTTGCAATCTCAAAATGCTGTA GACGGCAAAAATGTCTCTAAAGTATAACAGA 
Invertase 8 GTGAACTAGTATTCAGCGTAATGTAACC CATGAGGTCATAATTATAGAATGCAATGAT 
Isocitrate lyase GCAAGAATGAGCATGTGCAGAGA CCAATGTGGATACAAGGGATCATCAG 
Malate synthase GGAACAATGTGTTTGACAGGGCA CGCTTATGACAGGTATGGATAAGCAA 
Soluble Invertase ACTGGGTCAAGTTCAAAGGCA CCAAGTCATACGTACCAATAGCATAATGATCT 
Sucrose synthase 2 CTCCACGGGTGTCGTAACGTTGGA CAGACCACAAGTCATTGCTTCGACAACA 
Sucrose synthase 3 GACTCACAATTTGAATGGCCAGTTCCG CAGCAACAGGAGATTAGAATCACTTTGAATTAATG 
UGPase GCACAAAGTGCATGTTGCGGATGTTGA CATGTTTTGTCTAATCACCTCTCCCCGGTA 
 
Core Collections screening 
Allelic variant screening and analysis were performed immediately after PCR reaction using HRM 
analysis on the LightScanner™ System (Idaho Technology, Inc). The melting temperature range was 
set from 75oC to 95oC.  Putative polymorphic genotypes were distinguished by plotting the 
fluorescence difference between reference line and tested accessions normalized melting curves. 
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Positive wells showing lower or higher melting temperature compare to reference were selected. 
Following screening and analysis, PCR products of selected lines were sequenced after amplification 
of single accession DNA with ddNTPs chain terminator Sanger sequencing method following standard 
protocol. To improve sequencing quality, samples were purified on Sephadex™ G-50 96 microspin 
plate (GE Healthcare). 
 
SNPs identification and Haplotyping  
To characterize the putative allelic variants observed from the HRM screens, DNA sequences were 
analysed using the SeqMan module of Lasergene 8 software package (DNAstar Inc, Madison, 
Wisconsin, USA). Haplotypes were created manually. The DNA sequence of the amplicon carrying 
SNPs was translated into amino acids sequence using the ExPASy website’s online translating tool 
(http://www.expasy.ch/). Alignments of modified protein sequence against the reference were 
performed using BLASTp (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Amino acid 
changes were positioned and annotated in APE. Prediction effect of non-synonymous SNPs on amino 
acid sequence were analyzed with the online SIFT prediction software (http://sift.jcvi.org/) to estimate 
whether the amino acid substitution affects protein function.  
Haplotypes were called based on SNP data per gene sequence. Accessions containing identical 
variation were grouped in single haplotypes. General haplotypes were created from the gene specific 
haplotypes: if different accessions have same haplotypes for two or more genes they were grouped in a 
single general haplotype.  
 
Statistical analysis 
Statistical analysis to link genetic variation and phenotype was performed separately for EU-SOL and 
CBSG collections. Data was analysed by multiple comparisons of mean observations of each 
haplotype to the mean observations of haplotype 1 - group containing all accessions carrying the same 
alleles as the reference accession MoneyMaker - using a Dunnett test (Dunnett and Tamhane, 1995).  
Other statistical test used in this manuscript was the two-tailed Student t-test.  
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A recurrent objective of molecular biologists is to prove the causal relationship between a gene and a 
phenotype or a phenotype and a gene. A number of tools are available to establish this connection. The 
established strategy is positional mapping of a phenotypic trait based on a genetic marker map from 
which a genome region containing the gene can be identified. In most cases that region will contain 
several genes and further efforts are required to identify which one is responsible for the phenotype. 
At this stage several options are available such as plant transformation strategies with gene silencing 
or RNAi but the feasibility is dependent on efficient transformation protocols in the organism of 
interest. Compounding the technical difficulties, the problem of public acceptance of GM organism 
makes a biotechnological application of the results difficult in major markets throughout the world. An 
efficient alternative is TILLING that provides not only knock-out alleles but potentially a range of 
allelic variants with mild to strong effects on the activity of proteins encoded by the targeted genes.  
Comparison of the various plant phenotypes resulting from the induced mutations provides evidence 
of the gene function and potentially delivers valuable alleles to introduce in breeding programs.  
 
Since the first report of TILLING (McCallum et al., 2000a), the method was applied to an ever 
growing number of plant and animal species. Together with this ongoing success, it has become an 
important tool for functional genomics research. In plant sciences, natural and induced mutants have 
been studied since a long time. For example, in tomato the study of the rin, nor, Cnr, r, beta, delta etc. 
mutants has greatly contributed to the understanding of complex regulatory processes such fruit 
ripening and development (Fray and Grierson, 1993; Ronen et al., 1999; Thompson et al., 1999; 
Ronen et al., 2000). The TILLING method is a mean to obtain such mutants for virtually any gene and 
in addition provides heteromorphic alleles with intermediary phenotypes to confirm that the mutations 
in the target gene are indeed causing the phenotype (Chapter 3). Study of additional genes involved in 
the targeted process can help to decipher developmental or metabolic pathways. General metabolism 
is an example of complex network regulated by an abundance of genes. Because of the absence of 
visual or easily assayed phenotype, identification of mutant lines for such processes is difficult. But 
starting from the gene is starting with a step ahead because the targeted pathway is already identified 
and thus the modifications introduced because of mutated alleles are expected. Thus elaborate, 
targeted metabolomic strategies can readily be adapted to these expectations and performed on a 
limited number of mutant plants. In Chapter 3, the carotenoid pathway was investigated through the 
characterisation of two Psy1 mutant lines. The knockout line showed similar phenotype and 
metabolite profile to the r mutant while the line with an amino acid substitution was affected for PSY1 
activity and therefore displayed an intermediate phenotype for fruit colour and a delay in accumulation 
of its product and downstream metabolites. Together they prove that it is mutations in Psy1 that cause 
the variation and this without requiring preliminary backcrosses with the non mutated parent to out 
cross background mutations. In addition, the study of the amino acid substitution line provided new 
insights into carotenoid biosynthesis because of the subtle effect of the mutation on the pathway.  
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It is worth noting that the most well studied plant is one with no agronomical value, Arabidopsis 
thaliana. Tremendous efforts using genetics and genomics approaches have been leveraged to 
understand its development, physiology and metabolism. TILLING is an ideal tool to transfer this 
knowledge to crop plants.  
 
At the onset of this study, TILLING was already a recognised tool in the field of functional genomics 
thanks to the work of Henikoff and Comai (Henikoff and Comai, 2003) and to the Seattle Tilling 
Project that offers TILLING as a service initially in Arabidopsis thaliana and later in several other 
plant species (Till et al., 2003). Since then TILLING has gone beyond model organisms to crop plants. 
In this project we have applied TILLING to tomato and developed mutant populations and point 
mutation screening technologies. We discuss critical decisions to make when starting with mutant 
population development (Figure1). We present the HRM platform as an efficient method for in-house 
mutation screening while NGS technologies are emerging high performance platforms for large scale 
mutation discovery projects.  
 
Population development 
A major success factor to efficient screening procedure is the quality of the mutant population. Its 
quality depends on the choices made during its development. Several decisions have to be made prior 
to start with the mutagen treatment keeping in mind the final objective. The end goal is to obtain a 
range of mutant alleles for each gene to be screened with preferably a good chance to identify a 
knockout of the target gene.  
 
The first variable to consider is the genotype to mutagenize. A major factor for efficient mutagenesis 
and screening is the ploidy level of the target species. Polyploidy is likely to complicate both the 
genetics in the screening procedure where single allelic mutations will frequently be masked 
(recessive mode of inheritance) by the non-mutated alleles (Chopra, 2005; Uauy et al., 2009). 
 
 Thus, a fully homozygous diploid line is an ideal genotypic configuration to initiate TILLING. 
Heterozygosity will cause potential confusion in the origin of the discovered mutation during 
screening and potentially requires a series of controls to be incorporated in the screening procedure to 
eliminate heterozygosity polymorphisms. Furthermore, in species with self-incompatibility this leads 
to problems with self-pollination that is a prerequisite for crossing schemes after mutagenesis. In 
TILLING projects, a mutation screen is performed on the M2 or M3 population; these populations are 
obtained following one or two rounds of selfing in order to fix the mutations. Therefore, natural self-
pollinators are an advantage since this avoids contamination with pollen from other plants carrying 
different mutations. Cross-contamination in the field, will increase the risk of not finding back the 
correct seed-lot or plant family carrying the identified mutation.  
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Due to the required size of a TILLING population (103 to 104 individuals), a small plant growth habit 
is preferred, minimizing the size of the occupied field or greenhouse area. As an example, a 
determinate tomato genotype plants was chosen as this reaches a size of one to two meters while 
indeterminate plants grow well above two meters.  
The second main decision concerns the nature of the mutagen treatment and its concentration. The aim 
is to obtain high mutation density while preserving the plants from excessive pleiotropic effects.  
There are a variety of treatments that introduce random mutations in genomes among which are 
gamma rays, MNU and EMS. EMS (ethyl methanesulfonate) is the most commonly used mutagen 
treatment in TILLING projects and predominantly induces GC/AT nucleotide substitution randomly 
throughout the genome (Greene et al., 2003). In rice, MNU (methyl-nitroso urea) treatment produces 
similar results as the one obtained with EMS: point mutations and even distribution through the 
genome with possible saturation with mutation (Till et al., 2007a; Suzuki et al., 2008). Gamma rays 
induce both point mutations and large deletions (Naito et al., 2005). The nature of the mutation may be 
linked to the severity of pleiotropic effects and thus mutation frequency may be affected. Determining 
a dose-response curve best approaches the optimal mutagen concentration. A large number of crop 
plant species have been ‘TILLed’ and the mutagen concentration previously used is a good indication 
as for where to start.  
 
Once the optimal concentration has been determined (generally the LD50 concentration), the size of the 
M1 population should be taken into account. Population size is mainly decided based on the excepted 
mutation rate. Polyploid species can withstand much higher mutation frequencies than diploid ones 
e.g. estimated mutation frequencies of 1 mutation per 38kb (Uauy et al., 2009) and 1/24kb (Slade et 
al., 2005) in hexaploid wheat and 1/51kb (Uauy et al., 2009) and 1/40kb (Slade et al., 2005) in 
tetraploid wheat. Diploid species on the other hand cannot endure such mutation frequency and thus 
mutation rate falls down in diploid populations (Table 1). The mutation frequency will greatly impact 
on the design of the population as the lowest the mutation frequency the more plants need to be 
screened to achieve the same result.  
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Figure	  1.	  Overview	  of	  main	  decisions	  and	  steps	  required	  for	  the	  set	  up	  of	  a	  TILLING	  platform.	  Four	  groups	   are	   distinguished	   in	   relation	   with	   particular	   decisions:	   1)	   prior	   to	   mutagen	   treatment	   2)	   with	  regards	   to	   population	   development	   3)	   the	   choice	   of	   screening	   platform	   and	   necessary	   adaptation	   that	  each	  requires	  4)	  regarding	  the	  experimental	  set	  up	  to	  characterise	  each	  mutant	  family.	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Table	  1.	  Variation	  in	  mutation	  frequencies	  estimated	  by	  TILLING	  in	  plant	  mutant	  populations.	  	  	  
Plant	   Mutagen	   Screening	  Platform	   Ploidy	  
Mutation	  
density	  
(Mut./kb)	  
Reference	  
Arabidopsis	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/300	   (Greene	  et	  al.,	  2003)	  
Arabidopsis	  (Ler)	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/89	   (Martin	  et	  al.,	  2009)	  
Barley	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/1000	   (Caldwell	  et	  al.,	  2004)	  
Barley	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/374	   (Talame	  et	  al.,	  2008)	  
Brassica	  rapa	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/60	   (Stephenson	  et	  al.,	  2010)	  
Lotus	  Japonicus	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/502	   (Perry	  et	  al.,	  2009)	  
Maize	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/500	   (Till	  et	  al.,	  2004)	  
Melon	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/573	   (Dahmani-­‐Mardas	  et	  al.,	  2010)	  
Oat	   EMS	   MALDI-­‐TOF	   Hexaploid	   1/20	   (Chawade	  et	  al.,	  2010)	  
Pea	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/200	   (Dalmais	  et	  al.,	  2008)	  
Rice	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/290	   (Till	  et	  al.,	  2007a)	  
Rice	   Az-­‐MNU	   Endonuclease/Li-­‐Cor	   Diploid	   1/270	   (Till	  et	  al.,	  2007a)	  
Rice	   MNU	   Endonuclease/Li-­‐Cor	   Diploid	   1/135	   (Suzuki	  et	  al.,	  2008)	  
Soybean	   MNU	   Endonuclease/Li-­‐Cor	   Diploid	   1/140	   (Cooper	  et	  al.,	  2008)	  
Soybean	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/140	   (Cooper	  et	  al.,	  2008)	  
Soybean	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/250	   (Cooper	  et	  al.,	  2008)	  
Soybean	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/550	   (Cooper	  et	  al.,	  2008)	  
Tomato	   EMS	   HRM	   Diploid	   1/737	   (Gady	  et	  al.,	  2009)	  
Tomato	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/574	   (Piron	  et	  al.,	  2010)	  
Tomato	   EMS	   Endonuclease/Li-­‐Cor	   Diploid	   1/322	   (Minoia	  et	  al.,	  2010)	  
Wheat	   EMS	   Endonuclease/Li-­‐Cor	   Tetraploid	   1/40	   (Slade	  et	  al.,	  2005)	  
Wheat	   EMS	   Endonuclease/Li-­‐Cor	   Hexaploid	   1/24	   (Slade	  et	  al.,	  2005)	  
Wheat	   EMS	   Endonuclease/Li-­‐Cor	   Tetraploid	   1/51	   (Uauy	  et	  al.,	  2009)	  
Wheat	   EMS	   Endonuclease/Li-­‐Cor	   Hexaploid	   1/38	   (Uauy	  et	  al.,	  2009)	  	  
There are large variations in mutation densities between mutant plant populations. Among diploid 
species, mutation densities range from 1/60kb in Brassica rapa to 1/1000kb in Barley. It does not 
seem that the tolerance towards mutation is only due to the species treated because large variations can 
also be seen among populations of the same specie: Arabidopsis, barley, soybean or tomato (Table 1). 
Therefore it seems that mutation frequency can be influenced by other factors than the concentration 
of EMS and the duration of the treatment.  
To increase the mutation rate in a population, it is possible to perform a second round of treatment 
with the mutagen on a bulk of M2 seeds. This was performed in the UC Davis tomato TILLING core 
(http://tilling.ucdavis.edu/index.php/Tomato_Tilling). Despite a double treatment with 140mM EMS 
(1.4%) the Comai lab reported that they did not manage to obtain a higher mutation frequency than 
1/1000kb. In our population, described in Chapter 2 of this thesis, we estimated a population mutation 
frequency of 1/737kb which is 2.3 and 1.2 times lower than the one reported by Minoia and colleagues 
in their 1% and 0.7% EMS tomato populations respectively (Minoia et al., 2010). This large disparity 
in mutation rate for the same crop in response to equivalent amounts of EMS shows that this response 
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is likely to be dependent on the accession chosen for developing the mutant population. Similarly 
Minoia and colleagues showed that with their TILLING screen they discovered nucleotide 
substitutions that did not match the expected range usually induced by EMS. In their 1% EMS 
population, only 28.6% were GC/AT transitions while in Arabidopsis this type of mutation were 
identified in 99% of the cases (Greene et al., 2003). In our screens of the 1% EMS tomato population, 
we identified a total of 58 mutations and 81% of them were GC/AT transitions. This difference is not 
likely to be due to the sensitivity of our HRM detection method since we did identify all the possible 
nucleotide transitions when looking at polymorphism identified with EcoTILLING. Therefore we 
conclude that this variation to EMS treatment is linked to the accession selected for mutagenesis. 
Nevertheless, precautions are needed to avoid reaching an excessive mutation rate. An excessive 
mutagen concentration will not only impact on seed viability but as well on the capacity of the M1 and 
M2 plants to produce seeds as mutations will induce phenomena’s as parthenocarpy, aberrant 
inflorescences, or sterile flowers. Such events will lead to the loss of mutant lines. In our population, 
around 10% of the M2 families were lost because of such issues.  
Genome saturation with mutations is a wished for achievement in TILLING projects as the aim is to 
identify vast allelic series for each target gene. But achieving mutation saturation at the genome level 
is so far a major hurdle as it either implies to obtain plants with very high mutation content which then 
might give problems to be propagated because of mutation’s pleiotropic effects and at a later stage 
will require a long backcrossing process to remove all undesired mutations from the background. The 
second option to saturate the genome is to create very large mutant populations with lower numbers of 
mutation event per plant. This then gives problems at the screening step, as it would then require 
intense workloads and thus higher costs to screen that large population for point mutation. In the 
present work we decided to opt for an intermediary option where we obtain a number of interesting 
alleles (knockouts and amino acid substitutions) that fit our goals: indentifying alleles with modified 
enzymatic activities leading to altered phenotypes. This was achieved through the combination of a 
high throughput mutation detection method to screen a large population (8025 mutant families) with a 
moderate mutation frequency. 
Once the population is developed. One can choose to phenotype the M2 population in order to identify 
lines with traits of interest. Identification of the mutated gene responsible for the observed trait will 
then need to be isolated through forward genetic strategies (Kurata et al., 2005). This step is not a pre-
requisite in view of reverse genetic approaches such as TILLING since that strategy aims at 
identifying allelic variant for a known gene of interest. In addition, most of the mutations identified in 
the M2 population are heterozygous they do not show a phenotype due to their recessive nature.  
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Candidate genes choice and sequence analysis 
The choice of the candidate genes to target with TILLING is related to a specific trait or biological 
mechanism of interest (e.g. elucidation of a gene function, interest in a metabolic pathway or 
developmental process). The gene selection is often an educated guess based on published data 
regarding gene function or originates from data generated locally. The objective is to obtain a range of 
mutated alleles including a knock-out of the gene. From our results, such alleles occur in only 5.2% of 
the total number of identified mutant alleles. In addition to knock-outs, TILLING provides a range of 
mutations, inducing amino acid substitutions, that have mild to severe effect on enzyme activity 
(Barkley and Wang, 2008). To maximize the chance of affecting enzyme activity, a tailor made web 
application, CODDLE (Taylor et al., 2003) has been developed to identify gene regions where 
mutations are most likely to have an impact on function. CODDLE takes into account the organism 
studied, the mutagen treatment utilised and the intron/exon distribution. In the output, all possible base 
pair substitutions are displayed along with their effect on amino acid sequence. In addition CODDLE 
selects a 1.5Kb window and let the user choose for a primer design option with the Primer 3 software 
based on this output. This primer design option is meant for TILLING screens using an 
endonuclease/Li-Cor platform and is not adapted to other screening platforms such HRM because of 
the length of the selected product while screening with HRM is optimal with maximum 400-500 bp 
PCR product.  
Once mutations in candidate genes have been identified it is useful to sort them according to their 
effect on protein activity and thus on the phenotype. This can be done in silico and therefore allows 
ranking and prioritising the most interesting lines: from knock-out to silent mutations. SIFT (Ng and 
Henikoff, 2003) analyses protein sequences and sorts for each amino acid which substitutions will be 
tolerated or not tolerated with regards to the enzyme activity. Therefore such information allows 
selecting from the TILLING screen, the lines containing mutations likely to have an effect on the 
phenotype.  
In Chapter 3 we characterised a Psy1 mutant line carrying the P192L mutation. That mutation was 
predicted as not tolerated with SIFT. Indeed, analysing the plant phenotype we could visualise and 
measure differences during tomato fruit ripening process in colouration and carotenoid accumulation. 
These observations confirmed that PSY1 activity was affected by the mutation. Nevertheless, in 
Chapter 4 we characterised 7 ProDH2 mutant lines that were also predicted as deleterious with SIFT. 
Therefore we were expecting an effect of these mutations on the enzyme activity and, similarly to the 
results obtained with Psy1 mutants, an incidence on the metabolic pathway such as increased 
accumulation of proline. The phenotyping experiments were performed in two different experimental 
systems and the direct product of the targeted enzyme was measured with two different methods but 
the data obtained did not reveal any significant differences between the mutant and non-mutant lines. 
A precedent antisense approach targeted at ProDH in Arabidopsis led to increased proline levels and 
higher tolerance to salinity and cold (Nanjo et al., 1999). Increased proline accumulation and salinity 
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tolerance was also achieved in potato lines over expressing P5CS (Hmida-Sayari et al., 2005). 
Therefore the absence of improved response to salinity is related to the incapacity of the mutations to 
impact on ProDH2 activity and thus did not prevent proline degradation. It could also be that in the 
ProDH antisense lines all ProDH alleles were silenced as antisense systems could not always be 
specific and thus affect the expression of homologue genes, which is not the case with TILLING 
where mutations affect one unique gene. As discussed in Chapter 4, another reason for the absence of 
increased proline accumulation could be that in tomato, there are more pathways involved in proline 
degradation. Still, this outcome leads us to suspect the reliability of the predictions obtained with 
SIFT. Tchernitchko (2004) also reported such lack of reliability while using SIFT and PolyPhen tools 
for the prediction of amino acid substitution on protein activity. Other ways to predict mutation’s 
effects are to visualize the consequences of the amino acid substitution on the protein structure. In 
Chapter 2 we showed using a 2D-modeling application that the PSY1 P192L substitution may impact 
on protein secondary structure (Chapter 2, Figure 6). Another, more accurate approach for the 
prediction of the effect of substitutions on enzymatic activity would be to visualize the mutation on a 
3D crystallographic model of the protein. This would allow visualising if the mutation falls in or close 
to catalytic, binding etc. sites and thus impact on its activity. This approach was successfully 
attempted in (Dahmani-Mardas et al., 2010) and provided good indications as for the mutations’ 
impact of protein activity that proved correct in later experimental trials. Unfortunately, these 3D-
structure based studies may be limited by the availability in X-ray crystallographic models for the 
genes of interest in plants. Despite the availability of in silico prediction tools for the selection of most 
interesting mutations, experimental evidences such enzymatic assays and mutant plant phenotyping 
are a requirement to validate and assess mutation’s effect.  
Increased enzymatic activity is unlikely to be found in mutant lines and neither is increased target 
gene expression. To achieve the later result would require targeting promoter regions were repressor 
molecules bind. This requires a highly saturated population as regulatory elements in promoters are 
usually small and promoter regions need to be characterized beforehand as they can be spread on long 
stretches of sequence. A second strategy would be to target trans-acting molecules repressing gene 
expression such as transcription factors or molecules inducing mRNA degradation as small RNA or 
the target of sRNA within the mRNA sequence of the gene of interest. Again, this would require the 
screening of a highly saturated mutant population, which is difficult to obtain and use as it implies to 
be a very large population. 
 
TILLING screening platforms 
The combination of endonuclease (CEL1 or ENDO1) with denaturing polyacrylamide gel 
electrophoresis on Li-Cor systems has become the reference platform for polymorphism detection 
method such as TILLING and EcoTILLING. It is a high-throughput, reliable and sensitive technology 
able to detect all the kinds of nucleotide transitions and insertion/deletion events (Triques et al., 2007). 
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Nevertheless, it requires a heavy workload because of necessary steps as gels preparation, enzyme 
digestion, and purification to perform prior to mutation detection. Recently, novel technologies were 
developed that allow moving away from gel-based systems.  
HRM analysis 
HRM analysis is a closed-tube amplicon melting analysis that does not need any additional step 
between the PCR reaction and the analysis. Initially HRM protocols used labelled primers (Gundry et 
al., 2003). But to avoid the use of these labelled primers, Wittwer et al. (2003) developed a HRM 
protocol that takes advantage of the saturation capacity of the double stranded DNA dye, LCGreen. 
Double stranded DNA is saturated with dye to such an extent that each LCGreen molecule when 
released at denaturation will not bind to another position within the dsDNA thereby assuring a clear 
melting profile even at low temperature (Wittwer et al., 2003). LCGreen is added to the PCR master 
mix prior to amplification. To allow the formation of heteroduplexes a denaturing/re-annealing step is 
added to the PCR program. The PCR plate is then directly analysed by heating the PCR products and 
recording the melting curves. Subsequently the included software normalises the melting profiles and 
variants can be automatically identified or visually selected for further analysis. A complete HRM 
assay takes only 1.5h from PCR preparation to melting variants annotation. 
 
HRM was introduced as an efficient genotyping and mutation scanning method in human genetics 
(Gundry et al., 2003; Wittwer et al., 2003). Further improved dsDNA dyes, instrument resolution and 
data analysis software made HRM analysis an accurate diagnostic technology. HRM is cost and time 
efficient because it only requires addition of a fluorescent dsDNA dye and a simple PCR. Recently 
HRM technology was implemented in plant sciences as a tool for high-throughput population 
genotyping and SNP discovery (de Koeyer et al., 2009; Dong et al., 2009). Ease of use, throughput 
and low expenses were key reasons for the technological transition from gel-based SNP discovery and 
genotyping to HRM (Chapter 2; (Parry et al., 2009; Bush and Krysan, 2010)). 
 
In this project, we successfully applied HRM analysis with an Idaho Tech LightScanner for point 
mutation discovery in a large EMS tomato population (Chapter 2). We introduced HRM to the 
TILLING protocol in place of the endonuclease/Li-Cor platform. This allowed us to identify allelic 
series in a number of candidate genes by screening our 8025 M2 mutant tomato lines. We found HRM 
analysis less sensitive than the endonuclease/Li-Cor platform. We were able to use a fourfold pooling 
depth. The drawbacks of a doubled number of screens compared to methods using eightfold DNA 
pools, was largely compensated by the very high throughput capacity of HRM delivering screening 
speeds of ten minutes per pooled plate. The inability of HRM to deal with larger amplicon size, due to 
increasing difficulty to distinguish melting curve shifts when fragments contain more than two melting 
domains, this is often the case when their size exceeds 500bp, is equally compensated by the high 
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analysis speed (Chapter 2). Therefore when using HRM for SNP discovery by population screening, 
the throughput limitation is actually determined by the PCR amplification speed and PCR machines 
availability: up to 4600 families can be screened for 1kb of sequence per day. 
 
In addition to the LightScanner, several other HRM devices are available. The Roche LightCycler 480 
combines quantitative PCR (qPCR) and HRM in one platform with the possibility to switch between 
96- and 384-well formats. The Roche platform enables discovery of point and large mutations in 
amplicons (Rouleau et al., 2009; Coulet et al., 2010). But performing PCR amplification prior to HRM 
runs on the platform slows down throughput as no samples can be screened while the PCR is running. 
The Qiagen Rotor-Gene Q also allows combining qPCR with HRM analysis. The main difference with 
the two previous devices is its use of a thermal chamber where samples are centrifuged instead of a 
thermo block. This setup allows strict control over sample temperature thus delivering precise results 
in qPCR and HRM analysis. Since the samples are positioned on a 36-, 72- or 100-sample rotor, it is 
not possible to use standard PCR plate formats necessitating adaptation of lab equipment. 
Next Generation Sequencing 
The importance of a mutation lies in the effect on the phenotype. Mutations can be silent, tolerated, 
deleterious or knock-outs, accompanied with an increasing severity of phenotypic symptoms. 
Consequently, following the identification of the mutant plant, pinpointing the position of the mutation 
and assessing its effect using sequence information is an equally important step in TILLING. 
 
Although sequencing an entire mutant population remains prohibitively costly (Weil, 2009), the 
advent of NGS technologies enables laboratories to sequence targeted genes in populations composed 
of thousands of individuals. This is due to the massive amounts of sequence data (several Gigabases) 
produced in a single run by leading sequencing platforms like Roche’s 454, Illumina’s GAII and 
HiSeq 2000 and ABI’s SOLiD. The enormous sequencing output allows much deeper pooling 
strategies for TILLING because sequencing errors can be distinguished from true mutations through 
sequencing depth. The first mutation detection studies employing NGS indeed made use of sequencing 
depth in combination with individual bar coding of mutant families (Rigola et al., 2009).  
 
Weil (2009) suggested for grass species the possibility to pool DNA samples 40- to 50-fold. He 
estimated that 30 to 50 genes could be screened on a population of 2304 mutant families per 
instrument run. His proposed strategy starts from a two-dimensional 48-fold pooling scheme, using 
column and row specific barcodes, assembled in a 96-well plate. Target genes are amplified from the 
DNA pools, sheared into 100 to 200 bp fragments, followed by ligation of a pool, and therefore target 
gene, specific five base pair barcode together with sequencing adaptors at the 5’ prime end of the 
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barcode. This procedure is repeated for each target gene to be introduced in the sequencing run 
thereby using the same column and row specific bar codes. 
Because each NGS platform is accompanied with its own systematic base calling errors (Harismendy 
et al., 2009), care should be taken not to call sequencing errors as mutations. Because homozygote 
lines are commonly used in TILLING projects, non-mutated alleles serve as reference sequence in the 
assembly procedure. Point mutations should therefore easily be called when compared to the vast 
majority of homogeneous sequences. To ensure true point mutation calls, two quality checks can be 
used: (1) repeated detection of the point mutation at the same position, at least three to five times, and 
(2) only two different barcodes, one from the X axis and one from the Y axis of the pooling strategy, 
can be found associated with the mutation. In addition the pool specific barcode traces the mutation 
back to one specific mutant family in the 2304 screened families (Weil, 2009). When a mutation is 
linked to more than two barcodes suspicion is raised towards sequencing errors or mistakes during 
sample preparation. 
 
Rigola et al. (2009a) reported another successful approach. They developed a 454 FLX strategy 
(KeyPoint) for point mutation identification in a tomato EMS population of 3008 M2 families. Two 
mutations were identified within a 287 bp fragment in one 454 FLX run. The 3008 M2 families were 
first fourfold pooled and then subjected to a 3D pooling strategy thereby reducing the number of 
amplification reactions to 28 (12 X + 8 Y + 8 Z pools). Each 3D pool received a unique barcode. 
Because of this ultra deep pooling strategy, overrepresentation of the fragments is necessary to be able 
to reliably detect a mutation in one M2 family. Following analysis of the sequencing run Rigola et al 
(2009a) calculated that one fourth of the run would have been sufficient to identify these variants with 
adequate statistical certainty (P<0.01). A critical issue with this technology is that once mutations 
were traced to a single fourfold pool, the DNA from each of the four M2 families require sequencing 
to identify the family that actually contained the mutation. 
 
The Comai lab at UC Davis’ Genome Centre provides TILLING mutants to the scientific community 
for Arabidopsis, rice, wheat and soon, tomato. His group is currently switching from the CEL1/Li-Cor 
combination with TILLING-by-sequencing on an Illumina GAII sequencing platform 
(http://tilling.ucdavis.edu/index.php/TILLING-by-Sequencing). A 2D pooling strategy with 96-fold 
row pools and 64-fold column pools has been chosen. The group reports a success rate of mutation 
calling around 0.7 using this 2D pooling strategy (Gilchrist and Haughn, 2010). Apart from providing 
TILLING-by-sequencing as a service for various plant species, the Comai lab also organizes 
workshops for this method. 
Pointing to the lack of studies comparing traditional TILLING with TILLING-by-sequencing—
tentatively labelled as Sequence Candidate Amplicons in Multiple Parallel Reactions or SCAMPR—
Gilchrist and Haughn (2010) announced that they will test both 454 FLX Titanium and Illumina GAII 
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as platforms for TILLING-by-sequencing on their Brassica napus TILLING population. They plan to 
use a 3D pooling strategy with pool-specific 10 bp barcodes. Analysis output will likely provide the 
data to compare traditional and NGS-based TILLING in terms of cost, labour and reliability. 
 
Continuous upgrades to NGS current platforms such as Roche’s 454 FLX Titanium, Illumina’s HiSeq 
2000, and ABI’s SOLiD 4hq as well as new platforms coming onto the market (Pacific Biosciences; 
PACBIO RS and Life Technologies; Personal Genome Machine) continues to push the envelope. This 
opens the possibilities to more genes and/or more mutant families that can be screened in a single run. 
These developments will therefore inevitably urge research groups providing TILLING as a service to 
switch from traditional TILLING to TILLING-by-sequencing. 
 
EcoTILLING 
Ecotype TILLING (EcoTILLING) is a slightly modified TILLING method for the discovery of natural 
gene variants. For the methodological part, the only differing step concerns the DNA pooling strategy. 
With TILLING, genomic DNA samples of the mutant accessions are pooled together in pools of four 
or eight while in the EcoTILLING protocol samples are not pooled but equally mixed with the gDNA 
of a reference sample. Pooling of DNA samples is not an option in EcoTILLING screens because of 
the higher occurrence of polymorphism in collections of genetically diverse ecotypes e.g. the screen of 
96 Arabidopsis accessions for 1kb of sequence led to the identification of over a hundred polymorphic 
bands (Till et al., 2007b).  
 
As with TILLING, optimisation of polymorphism discovery requires a broad selection of the 
accessions in a collection and an efficient screening platform able to identify all the forms of genetic 
variation at the DNA level. The selection of accessions is dependant on the data available over the 
collection. In Chapter 5, we described EcoTILLING on two tomato populations, CBSG and EU-SOL, 
the EU-SOL collection is gathering landraces as well as cultivated and wild tomato accessions from all 
around the world (Lippman et al., 2008) and https://www.eu-sol.wur.nl. The collection was 
phenotyped for Brix as described in Chapter 5 and this data served as the basis for the selection of a 
representative subset of the collection for that trait. The EcoTILLING screen succeeded in the 
identification of all types of polymorphism: INDELs, and all possible combination of nucleotide 
substitutions thus demonstrating that the HRM screening platform similarly to the ENDO1 
endonuclease do not induce bias in the type of mismatches detected (Triques et al., 2007). Therefore 
HRM is an adequate platform for high-throughput mutation detection in both TILLING and 
EcoTILLING applications. On the other hand, the number of polymorphic accessions identified in the 
EU-SOL collection was limited (16 out of 258). This result shows that, in contrast with phenotypic 
diversity, the genetic diversity appears to be narrow in our subset. We suggest that a more judicious 
approach to the selection of the subset would have been to base the choice on a genetic analysis using 
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molecular marker data to account for population structure in the collection and then select accessions 
with the highest genetic diversity. Such molecular data was not available at the beginning of this 
project. However, currently 100 candidate genes in a thousand accessions from the core collection are 
being sequenced and marker analysis using 384 SNP markers on this same set are being screened and 
being extended to 8000 SNP markers on a selected subset of 200 accessions using an Infinium SNP 
array (R. Finkers, Wageningen UR, personal communication). This data will help in the effort to 
evaluate the degree of diversity available in tomato and its relatives and as for the first mentioned 
initiative will be an EcoTILLING-by-Sequencing approach by itself.  
 
The other element that was highlighted by our EcoTILLING study is the importance of complete and 
accurate phenotypic data. Missing values limit the power of statistical haplotypes-phenotype 
association analysis. Here we especially missed data from the metabolite profiling analysis because 
such work implies fragile compounds, heavy workload and expensive equipment. Therefore that 
analysis was performed on a limited set of accessions. There are a number of additional important 
phenotypes that cannot be measured in the field such as volatiles. Since these contribute to tomato 
taste together with sugars and organic acids, their quantitative measurement would be important as 
these traits are highly relevant for tomato quality and marketability (Scott, 2010).  
 
TILLING and EcoTILLING, tools for plant breeders 
For plant breeding applications, the creation of a mutant population is valuable for its contribution to 
increasing genetic diversity in the breeding germplasm. The combination of agronomical and quality 
trait phenotyping with forward genetics can lead to the introduction of novel characteristics into the 
breeding pipeline (Peng et al., 1999; Naito et al., 2005). TILLING and EcoTILLING have been used 
to identify allelic variants conferring disease resistance. Such alleles providing resistance to viruses 
have been identified with EcoTILLING in barley (Mejlhede et al., 2006) for the mlo and Mla genes ; 
in melon (Nieto et al., 2007) and pepper (Ibiza et al., 2010) for the eIF4E gene. The eIF4E gene was 
also targeted with TILLING in pea and tomato yielding the identification of 36 and 10 allelic variants 
respectively (Dalmais et al., 2008; Piron et al., 2010). In tomato, one of the identified mutant gained 
resistance to two potyviruses. In pea, the characterisation of the disease resistance spectra of the 
mutant lines has not yet been reported. TILLING in melon led to the identification of a mutant line 
with extended shelf life thanks to a point mutation in the ACO1 gene involved in ethylene production 
(Dahmani-Mardas et al., 2010). This work together with our characterisation of the tomato Psy1 
(Chapter 3) demonstrates the value of obtaining amino acid substitution types of mutations to affect 
enzymatic activity. With EcoTILLING we identified point mutations in the Tiv1 gene that may be link 
to increased Brix in tomato fruits (Chapter 5). Amino acid substitutions despite having a subtle effect 
compared to knockouts can greatly contribute to trait improvement and additionally pinpoint to 
specific regions of genes that are crucial to its function thus providing a better knowledge of the 
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protein structure. In addition both TILLING and EcoTILLING provide sequencing based position of 
the mutations and therefore make the creation of molecular markers easy and efficient. These markers 
can then be used to conveniently introduce the novel trait into other varieties. These reverse genetic 
tools also present the advantage of being gene specific, thus avoiding to affect the expression and 
activity of their homologues.  
 
Mutations induced with mutagenesis mimic spontaneous mutation events occurring randomly during 
DNA replication at meiosis or mitosis steps of cell division (Weil, 2009). An advantage of TILLING 
is the opportunity to generate Intellectual Property (IP) on a precise gene allele containing a novel 
point mutation and associated with a novel phenotype. In addition, the absence of transformation and 
introduction of foreign DNA into the plant’s genome does not qualify plant material generated through 
TILLING or mutation breeding as Genetically Modified Organism (GMO). The lasting public concern 
about GMO’s and their hypothetic negative impact on the environment and human and animal health 
has driven public instances, especially in the European Union, to restrict authorisation of cultivation to 
a very limited number of varieties. Thus European breeding companies do not develop GM plant 
varieties for the European market and hence this makes TILLING a very attractive alternative to GM 
technology as it is applicable to any organism and allows targeting virtually any gene without the 
public concern for GM. 
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A number of tools are available to prove the causal relationship between a gene and a phenotype or a 
phenotype and a gene. The establishment of mutant populations together with the strategies for 
targeted mutation detection has been applied successfully to a large number of organisms including 
many species in the plant kingdom. Considerable efforts have been invested into research on tomato as 
a model for fruit bearing plants. With the progress of the tomato sequencing project, reverse genetics 
becomes an obvious and achievable goal. TILLING provides not only knock-out alleles, but 
potentially a range of allelic variants with mild to strong effects on the activity of proteins encoded by 
the targeted genes. Comparison of the various plant phenotypes resulting from the induced mutations 
provides evidence of the gene function and potentially delivers valuable alleles to introduce in 
breeding programs. This thesis describes the development of a tomato mutant population, the 
adaptation of techniques, CSCE and HRM analysis to mutation screening in DNA pools (Chapter 2). 
In Chapters 3 and 4 mutant lines for two target genes Psy1 and ProDH2, respectively, were 
characterised. Finally, in Chapter 5, we applied our point mutation screening platform to the 
discovery of natural genetic variation screening two tomato core collections for genes involved in 
sugar metabolism.  
Classical TILLING involves critical and time consuming steps such as endonuclease digestion 
reactions and gel electrophoresis runs. In Chapter 2 we showed that using CSCE or HRM, the only 
step required is a simple PCR prior to point mutation analysis. Our results demonstrate that these 
methods are fast, affordable and sensitive techniques for mutation detection in DNA pools and 
therefore allow the rapid identification of new allelic variants in a mutant population. Results from the 
mutation detection screens indicate that the mutagen treatment has been effective with an average 
mutation detection rate of 1/737 Kb.  
Through TILLING we have identified two point mutations in the Psy1 gene. This enzyme directs 
metabolic flux towards carotenoid synthesis. The first mutation is a knockout allele (W180*) and the 
second mutation is an amino acid substitution (P192L). Plants carrying the Psy1 knockout allele show 
fruits with a yellow flesh colour. In the line with P192L substitution, fruits remain yellow until 3 days 
post breaker and eventually turn red. While carotenoids were absent in the W180* line, more subtle 
effects on carotenoid accumulation were observed in the P192L line with a delay in lycopene and β-
carotene accumulation clearly linked to a very slow synthesis of phytoene. The observation of the rate 
of lutein degradation along ripening in both lines showed that lutein and its precursors are still 
synthesised in ripening fruits. Overall the work described in Chapter 3 demonstrates the advantages 
offered by TILLING with the study of alleles with intermediary effect on protein activity compared to 
fully functional and knockouts alleles. 
Salinity is one of the most important abiotic stresses in terms of affected land area. A key metabolic 
response of plants to salt stress is an increased level of proline. In Chapter 4, we describe the 
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identification of point mutations in the tomato ProDH2 gene responsible for proline degradation. We 
argue, that knocking out the main proline degradation pathway could lead to an accumulation of 
cellular proline leading to prophylactic salt stress protection. Eight mutant lines were characterised for 
their response to salinity stress. Proline level measurements and metabolite profiling were performed 
on plants under control and stress conditions. Neither phenotypic differences nor variation in proline 
content could be observed between mutant and non-mutant tomato plants. Thus, the amino acid 
substitutions did not lead to ProDH2 alleles with altered enzymatic function. Nevertheless, analysis of 
the metabolite profiling data highlighted families of metabolites potentially interesting to target for 
genomic strategies aiming at developing plant material more resilient to adverse environmental 
conditions. 
EcoTILLING is a reverse genetic approach allowing the discovery of polymorphic genetic loci such as 
SNPs and INDELs. In Chapter 5 two core collections were screened for polymorphism within 
conserved domains for a set of 20 genes related to sugar metabolism. In a first step, the efficiency and 
accuracy of the HRM screening method were tested. In a second step 352 accessions were screened 
resulting in 188 discovered polymorphisms. One of the identified haplotypes in an invertase (the Lin7 
gene) was associated with higher total soluble solids level. In addition two SNPs induced amino acid 
substitutions in a S. pennellii accession’s invertase enzyme, Tiv1. Further experimentations are 
required to confirm the role of both Lin7 and Tiv1 alleles as contributing to elevated Brix levels. With 
these preliminary results, we demonstrate the applicability of EcoTILLING using HRM. 
In the general discussion (Chapter 6), we discuss the importance of the mutant population 
development and the rising mutation screening platforms HRM and NGS. The results from the 
characterisation of the Psy1 and ProDH2 mutant alleles are discussed with regards to the potential 
applications of TILLING to biology and crop improvement. 
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Er zijn een aantal gereedschappen om een oorzakelijke relatie tussen de werking van een gen en een 
fenotype aan te tonen. Het opzetten van mutanten populaties en de ontwikkeling van strategieën voor 
de detectie van mutaties hebben samen geleid tot succesvolle toepassing van mutatie onderzoek in en 
grot aantal organismen onder anderen ook vele plantensoorten. In de afgelopen jaren, is er veel werk 
in gegaan om tomaat als model system voor fruit ontwikkeling te gebruiken. De vooruitgang in het 
onderzoek op het gebied van genoom sequensen maakt de implementatie van “reverese genetics” een 
realistische en voor de had liggende mogelijkheid. De TILLING methode bied niet alleen knock-out 
allelen maar ook en reeks van varianten met gematigde tot sterke invloeden op de activiteit van het 
doelwit gen. De vergelijking tussen  fenotypen van muteert planten en control planten geeft informatie 
over gen functie en levert ook potentieel waardevolle allelen voor de veredelingen. Dit proefschrift 
beschrijft het opzetten van een gemuteerde populatie van tomaat en de toepassing van een nieuw 
ontwikkelde methode voor het screenen van mutaties in DNA-pools met behulp van CSCE en HRM 
analyses (hoofdstuk 2). In hoofdstuk 3 en 4 zijn twee tomaat lijnen beschreven met mutaties in het 
Psy1 gen en de andere in het ProDH gen. Ten slotte, in hoofdstuk 5 hebben wij de nieuw ontwikkelde 
methode voor de detectie van punt mutaties toegepast op de ontdekking van natuurlijke variatie in 
twee kerncollecties in genen die betrokken zijn bij suiker metabolisme.  
De oorspronkelijke methode voor TILLING bevat curiale en tijdrovende stappen zo als digestie met 
endonucleases en gel elektroforese. In hoofdstuk 2 hebben wij latten zien dat het gebruik van CSCE of 
HRM allen een eenvoudige PCR stap noodzakelijk voor de analysis van een mutatie. De resultaten 
tonen aan dat de methode snel, goedkoop en gevoelig genoeg om mutaties te detecteren in DNA-pools 
en maakt dus de identificatie nieuwe allel varianten uit grootte populaties mogelijk. De resultaten 
demonstreren dat de mutagen behandeling tot een mutatie frequentie geleid heeft van 1 op 737 Kb.     
Met behulp van TILLING, hebben we twee mutaties in de Psy1 gen geïdentificeerd. Dit gen codeert 
voor een enzym dat de metabolische route in de richting voor de biosynthese van carotenoïden 
verhoogd. De eerste mutatie (W180*) veroorzaakt een vervoegde stop codon en levert een knock-out 
allel en de tweede mutatie geeft een aminozuur substitutie (P192L). Planten met de knock-out 
produceren tomaten met een gele vlees kleur. Echter, planten met de aminozuur  substitutie  geven 
tomaten die een duidelijke vertraging in de rood verkleuring aantonen na de “breaker stage” van 3 
dagen. Alhoewel de W180* fruit helemaal  geen carotenoïde bevatten, zijn er een aantal subtiele 
veranderingen  in de carotenoid patroon aangetoond in fruit van planten met de P192L mutatie. 
Bijvoorbeeld, is er een vertraging in de opbouw van lycopene en ß-caroteen en als gevolg, veel trager 
ophoping van de rode kleurstof phytoene. De observatie dat, tijdens de rijping, de maat van lutein 
afbraak verhoogd is in beide mutanten laat je concluderen dat lutein en haar voorlopers nog steeds 
gesynthetiseerd voorden in rijpende fruit. In het algemeen geeft hoofdstuk 3 een demonstratie van de 
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voordelen de TILLING methode in de zin van de productie van allelen met intermedieer werking op 
enzym activiteit.  
Zoutgehalte van bodem is een van de meest belangrijke biotische stress factoren voor planten groei in 
termen van areaal. Een van de metabolische sleutel reacties van planten op zout stress is de verhoging 
van proline gehalte. In hoofdstuk 4 beschreven we de identificatie van punt mutaties in het ProDH gen 
dat verantwoordelijk is voor de afbraak van proline in de planten cel. We stellen dat het uitschakelen 
van de hooft route voor proline afbraak een verhoging in celleer proline zou kunnen lijden. Een 
dergelijke verhoging van proline kan lieden tot een verbeterde zout tolerantie. Acht mutant tomaat 
lijnen zijn onderzoekt voor zout stress tolerantie. In deze planten is de proline gehalte en de metaboliet 
profielen bepaald onder stress en control condities. Echter hebben we geen verschil in de fenotype of 
in de gehalte van proline kunnen waarnemen in de mutanten in vergelijking met de controles. Wij 
concluderen dat de aangebrachte aminozuren veranderingen in de mutanten ProDH gen, geen effect in 
de enzym activiteit hadden. Toch hebben de metaboliet analysis mogelijke benaderingen geleverd 
voor genomische analysis strategieën met betrekking tot de ontwikkeling van meer bestendige planten 
voor ongunstige omgevingscondities. 
EcoTILLING is een “reverse genetics” benadering dat tot de ontdekking dan polymorfe genetische 
loci leid zo als SNPs en INDELs. In hoofdstuk 5 zijn twee planten collecties (core collections) 
gescreend zijn voor polymorfisme in geconserveerde delen van een set van 20 genen betrokken bij 
suiker metabolisme. Als eerste stap is de efficiëntie van de HRM screening methode getest. In de 
tweede stap zijn 352 accessies gescreend waarin 188 polymorfisme zijn aangetoond. Een van de 
haplotypise varianten is in een invertase gen (Lin7) gevonden met een associatie met verhoogde 
gehalte aan oplosbare stoffen. Bovendien, twee SNPs lieten aminozuur substituties zien in een Tiv1 
invertase gen van een S. pinnellii  accessie. Nader onderzoek zal moeten worden gedan om de bijdrage 
van Lin7 en Tiv1 bij BRIX waarden te bevestigen. Met deze voorlopige resultaten tonen we de 
toepasbaarheid van de HRM methode voor EcoTILLING aan. 
In de algemene discussie (hoofdstuk 6), bespreken we het belang van de ontwikkeling van mutatie 
populaties ontwikkeling en de nieuw ontwikkelde screening methoden zoals HRM en NGS. De 
resultaten van de karakterisering van de Psy1 en ProDH2 mutant allelen worden besproken met 
betrekking tot de mogelijke toepassingen van TILLING voor biologie en gewas verbetering. 
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Résumé  
 
Une variété d’outils est disponible pour démontrer la relation de cause à effet entre un gène et un 
phénotype ou un phénotype et un gène. En génétique inversée, le développement de populations de 
mutants combiné avec une méthode de détection ciblée de mutations, a été appliqué avec succès pour 
un grand nombre d’organismes, en particulier dans le règne végétal. Des efforts considérables ont été 
investis dans la recherche sur la tomate, aujourd’hui devenue un modèle pour les plantes á fruits. Avec 
l’achèvement du projet de séquençage du génome de la tomate, les approches de génétique inverse 
deviennent des stratégies abordables. Une des ces approches est le TILLING. Cette méthode fournit 
des allèles nuls mais aussi, potentiellement, une série d’allèle ayant un effet modéré à fort sur l’activité 
enzymatique de la protéine codée par le gène cible. La comparaison des phénotypes des différentes 
plantes contenant différentes mutations dans le gène cible permet de déterminer la fonction du gène. 
Potentiellement, certains de ces allèles mutants produisent un phénotype intéressant à introduire dans 
les programmes de sélection variétale.  
La méthode de TILLING classique implique de longues et déterminantes étapes telles que la digestion 
des produits PCR par des endonucleases ou la séparation de ces produits sur gels de polyacrylamide. 
Dans le Chapitre 2 nous avons démontré que, avec les méthodes CSCE ou HRM, la seule étape 
nécessaire avant la détection de mutations est une simple réaction de PCR. Nos résultats montrent que 
ces méthodes sont rapides, économiques et sensibles et donc permettent d’identifier efficacement de 
nouveaux allèles dans une population de mutants. Les résultats issus des premières analyses indiquent 
que le traitement avec le mutagène a été efficace et a résulté en un taux moyen de mutations détectées 
de 1/737Kb.  
Avec le TILLING nous avons identifié deux mutations ponctuelles dans le gène Psy1. Cette enzyme 
dirige le flux métabolique vers la synthèse de caroténoïdes. La première mutation est un allèle 
« knockout » (W180*) et la seconde entraine une substitution d’acide aminé (P192L). Les plantes 
contenant l’allèle W180* de Psy1 portent des fruits avec une couleur jaune. Dans la lignée avec la 
substitution P192L, les fruits restent jaunes jusqu'à trois jours après le stade « breaker » puis 
deviennent rouge. Alors que les caroténoïdes sont absents dans les fruits de la lignée W180*, des 
effets plus subtils ont été observés dans la lignée P192L tels qu’un délai dans l’accumulation de 
lycopene et beta-carotène. Ce délai est clairement lié à la très lente synthèse de phytoene. 
L’observation de la vitesse de dégradation de la lutéine au cours de la maturation des fruits des deux 
lignées a montré que la lutéine et ses précurseurs sont toujours synthétisés dans les fruits en train de 
mûrir. Ce travail, présenté dans le Chapitre 3, démontre les avantages d’une approche de TILLING 
tels que l’étude d’allèles avec des effets intermédiaires sur l’activité enzymatique comparée aux études 
comparant des allèles nuls à des allèles complètement fonctionnels.  
Le stress salin est l’un des plus importants stress abiotique en terme de surfaces affectées. Une des 
réponses majeures des plantes en condition de stress induit par le sel est une élévation du taux de 
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proline. Les mutations ponctuelles identifiées par TILLING dans le gène ProDH2, impliqué dans la 
dégradation de la proline sont décrites dans le Chapitre 4. Le blocage de la principale voie de 
dégradation de la proline devrait entraîner son accumulation. Etant donné les rôles de signalisation et 
d’osmoprotection de la proline, son accumulation devrait conduire à une protection contre le stress 
salin. Huit lignées de mutants ont été caractérisées pour leurs réponses au sel. Le contenu en proline 
ainsi que celui de nombreux autres métabolites a été évalué en condition standard et en condition de 
stress. Aucune différence au niveau du phénotype ou au niveau du contenu en proline n’a pu être 
mesurée entre lignées mutantes et non mutantes. Il ne semblerait donc pas que les substitutions d’acide 
aminé aient induites de variation au niveau de l’activité enzymatique. Néanmoins, l’analyse de la 
variation de la teneur en certains métabolites a permis de mettre en évidence des familles de 
métabolites qui seraient intéressantes en tant que cibles pour des approches de génomique visant à 
produire des variétés mieux préparées à des conditions environnementales difficiles.  
L’EcoTILLING est une approche de génétique inverse permettant d’identifier des locus 
polymorphiques tels que  SNPs et INDELS. Dans le Chapitre 5, deux collections de tomates ont été 
étudiées pour découvrir la variabilité génétique dans un groupe de 20 gènes impliqués dans le 
métabolisme des sucres. Dans un premier temps, l’efficacité et la sensibilité de la méthode HRM ont 
été testées. Puis un total de 352 accessions a été étudié, menant à la découverte de 188 sites 
polymorphiques. Un des haplotypes identifié, dans une invertase (Lin7), est associé à un contenu en 
sucres statistiquement plus élevé. De plus, deux des SNPs identifiés induisent une substitution d’acide 
aminé dans l’invertase Tiv1. Des expériences supplémentaires seront nécessaires pour confirmer le 
rôle de ces allèles de Tiv1 et Lin7 vis à vis de leur contribution à des taux de sucres plus élevés chez la 
tomate.  
Dans le Chapitre 6, l’importance de la stratégie pour développer des populations de mutants et 
l’apparition de nouvelles plateformes de détection telles que HRM et NGS est discutée. Les résultats 
issus de la caractérisation des mutants Psy1 et ProDH2 sont discutés en vue des applications 
potentielles de la méthode de TILLING en biologie et dans le domaine de l’amélioration des plantes.  
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